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This research was conducted to address two important areas of global interest in livestock 
production: (i) the contribution of ruminants to climate change through the emission of methane 
gas produced in the rumen during microbial fermentation of feedstuffs (ii) the effect of the 
subtherapeutic use of antibiotic and other chemicals as rumen manipulator/ growth promotant 
on antibiotic resistance and chemical residue in animal products, respectively. This research 
was designed to explore one of the identified natural alternatives to antibiotics; plant extracts 
rich in phytochemicals. Inquest for finding an alternative to antibiotics use in ruminant 
production that can manipulate rumen microbes towards effective fermentation that will 
mitigate methane production, some plants species that have been documented for their 
traditional medicinal value were exploited for their bioactivity. Hence, the broad objective of 
this study was to evaluate and identify medicinal plant extracts that can manipulate rumen 
fermentation and improve animal productivity while mitigating methane emission, serving as 
natural alternative to antibiotic ionophore use in ruminant production. 
To achieve the objective, series of studies were conducted: 
Firstly, the plant species used in this study were selected based on previous report of their 
nematocidal activities in ruminants by some researchers in our research group (Fomum 2018; 
Ahmed et al., 2012) and also evidenced by other literature and WHO documentation of 
medicinal plants (WHO monographs of medicinal plants). The selected plants were identified, 
the plants material/parts were collected, and extracted using 80% ethanol. Rumen bacteria 
belong to both the gram positive and gram negative groups, hence a perturbation in the activity 
of any of these groups work affect methane emissions; hence the study used bacteria in the two 
gram nature. Ethanolic extract of 22 plant materials were investigated for their ability to inhibit 
the growth of gram-positive (S. aureus and S. faecalis) and gram-negative (E. coli and S. 
typhimurium) bacteria using the disc diffusion and microdilution methods. Seventeen plant 
extracts displayed antibacterial activity against at least one of the bacterial strains. Zones of 
inhibitions ranged from 10.00±0.00 to 21.33±1.50 mm for the diffusion assay. The minimum 
inhibitory concentration (MIC) ranged from 0.391- 3.125 mg ml-1. E. coli was the least affected 
bacterial strains tested. Results of both assays revealed that plant extracts showed more 
antibacterial activity in the microdilution relative to the agar disc diffusion assay. This suggests 
that the disc diffusion method should be used along with the microdilution assay when testing 
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bacterial susceptibility to plant extracts. Most of the selected plants have pronounced 
antibacterial effects on gram-positive bacteria.  
Secondly, all the plant extracts were evaluated for their basic phytochemical compounds, 
quantitatively. The study showed that Psidium guajava had the highest concentration of 
alkaloids (219.06±11.50 mg/g). In contrast, Acacia nilotica leaf extract had the highest level 
of flavonoids of 191.60±9.07 mg/g. Vernonia amygdalina (79.84±1.35 mg/g) and Moringa 
oleifera (70.45±3.87 mg/g) contained more steroids than the other plant extracts while 
condensed tannin was highest in Carya illinoinensis (21.72±0.84 mg/g). Coffea arabica, 
Acacia nilotica leaf, Vernonia amygdalina, Carya illinoinensis and Psidium guajava had more 
saponins of 32.57±4.27, 31.68±2.75, 30.55±2.06, 30.18±3.59 and 30.13±2.86 mg/g extracts, 
respectively, than other plant extracts. Crude fat was higher in Carica papaya (640.9±14.21 
mg/g) and Acacia sieberiana (624.22±4.00 mg/g) leaf extracts, whereas Acacia nilotica pod 
extract had the lowest concentration of 0.37±0.02 mg/g. Our findings provide evidence that 
most of the medicinal plant extracts evaluated were good sources of phytochemicals that have 
the potential to improve rumen efficiency towards reduced methane production. 
Cytotoxicity study was carried out to determine the safety of the selected plant extracts against 
normal mammalian cells, using the in vitro colorimetric cytotoxicity assay. Since all the 22 
plant extracts evaluated for their antibacterial activity inhibit at least one of the bacteria 
(microdilution assay), hence all of them were determined for their cytotoxicity.  Results showed 
that Allium cepa and Tulbaghia violacea with concentration killing 50% of cells (LC50) values 
of 0.5182±0.40 and 0.4909±0.034 mg/ml, respectively, were the safest of all the plant extracts. 
Acacia nilotica pod and Camelia japonica leaf extracts were the most cytotoxic with LC50 
values of 0.0101±0.016 and 0.0151±0.005 mg/ml, respectively, which are well below the 
recommended toxic cut-off point (0.03 mg/ml).  The best selectivity index (SI) value of 1.061 
was obtained with Aloe ferox against S. aureus, which is a Gram-positive bacterium. The 
majority of plant extracts evaluated were relatively non-cytotoxic, although the low SI values 
obtained for almost all the plant extracts indicate more significant cellular toxicity than activity. 
 
Furthermore, a study was conducted to determine the effect of all the selected medicinal plant 
extracts on rumen fermentation parameters in vitro using the in vitro gas production techniques. 
In the study, plant extracts and monensin were incubated as additives to hay at 16 and 48 h 
incubation period. Fermentation parameters were determined at both hours of incubation. The 
results showed that plant extracts influenced gas production (GP) in a varied way relative to 
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control at both hours of incubation. Microbial protein yield (MY) was not significantly affected 
at 16 h (P> 0.05), but it was at 48 h (P<0.01). Higher MY were recorded for all treatment except 
for A. sativum and C. intybus at the early incubation stage (16 h) relative to 48 h incubation. 
Compared to control group at 48 h, all plant extracts had higher MY. After 48 h of incubation, 
the results showed that plant extracts influenced ruminal degradation, gas production, microbial 
protein yield and partitioning factor. C. papaya leaf extract had the highest true degradation 
and NDF-degradation, although this does not differ significantly from all other treatment 
except C. illinoinensis. Plant extracts of P. americana and M. nigra (40 and 44 ml respectively) 
reduced gas production significantly relative to control whereas C. limon (140 ml) and nine 
others increased total gas production, which did not differ from the control (104 ml). 
Partitioning factor which, is a measure of rumen fermentation efficiency in vitro differed 
significantly (p< 0.05) P. americana (14.32 mg ml-1) had the highest partitioning factor, which 
varied significantly from all other treatments and control except M. nigra, C. japonica, and A. 
nilotica pods. All the plant extracts improved the MY which is the major source of amino acids 
to ruminants and has significant importance to animal performance. Some of the plant extracts 
studied were promising and will improve digestibility and utilization of poor forages which 
may eventually reduce methane production from animals fed poor forages. However, 
promising plant extracts need to be logically selected for further study in vivo to verify in vitro 
observation. 
For the in vivo study, two trials were conducted; in the first trial, 36 ewes were randomly placed 
in 6 treatments consisting 4 ethanolic plant extracts of C. japonica, C. papaya, P. americana, 
C. illinoinensis, monensin and control. They were used to determine the effect of the treatments 
on feed intake, growth performance, ruminal pH, NH3-N and methane and hydrogen gas 
concentration in the rumen. In the second trial (digestibility trial), 12 sheep were stratified (2 
groups) by live weight, randomly placed in the same 6 treatment for 3 periods in a planned 
crossover design, to have 2 animals per treatment every period. All animals were offered 
Themeda triandra hay ad-libitum, supplemented with 500 g of Lucerne hay and maize mix, 
and animals on each treatment were offered 100g of treatment marsh containing 2g of the plant 
extracts having active ingredient and 5mg of monensin for animals on MON group while the 
control had no active ingredient. The result showed that the plant extracts influenced total dry 
matter and organic matter intake. All plant extracts tended to have higher total dry matter intake 
(% body weight), total weight gain, average daily gain, and feed efficiency relative to the 
control group, although these were not significant (p> 0.05). Ruminal pH, NH3-N, and 
apparent digestibility of organic matter, crude protein and fibre did not differ (p> 0.05). C. 
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illinoinensis and monensin reduced methane gas concentration in the rumen headspace by 27% 
and 29%, respectively, relative to the control. However, monensin and all plant extracts except 
C. japonica reduced dissolved methane gas concentration in the rumen fluid significantly (p 
<0.05). Plant extracts did not negatively affect feed digestibility; in fact, C. papaya tended to 
improve apparent digestibility slightly relative to the control and even monensin. It can be 
concluded that all plant extracts investigated are promising and C. illinoinensis is the most 
promising for mitigating methane emission from ruminants, and it can be used to replace 
monensin in ruminant feed without adversely affecting animals’ performance. Since no adverse 
effect was observed, a higher dosage of the plant extracts is recommended for greater effect on 
methane mitigation and probably digestibility and performance. Further studies are 
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The goal of livestock production has taken a drastic shift from the context of just improving 
the productivity and health of animals towards a more integrated approach, which considers 
other aspects related to animal husbandry. Some of the crucial areas of livestock production of 
global interest recently are the impact of sub-therapeutic antibiotics fed to livestock on 
antibiotic resistance menace and livestock (especially ruminants) contribution to global 
warming due to the production and emission of greenhouse gases.  
In ruminant’s production, unproductive end-products such as methane (a greenhouse gas), 
excess ammonia and heat production have been identified as part of the inherent output of 
rumen fermentation, which leads to a significant loss of the digestible nutrients (Callaway et 
al., 2003). The use of antibiotics (ionophores) in optimizing rumen efficiency has been adopted 
for long by ruminant scientists and producers. Unfortunately, the use of any form of sub-
therapeutic antibiotics in animal production is no more encouraged globally. The most common 
antibiotic use in ruminant production to improve rumen efficiency top the list of feed additives 
that are no longer permitted in the European Union (EC, 2005).  
Methane gas is one of the potent greenhouse gases; it is second to CO2 in the atmosphere, which 
is sequestered when plants absorb it as part of the biological carbon cycle (EPA, 2017). 
Greenhouse gases (GHG) are gases that draw and emit radiation within the thermal infra-red 
range into the atmosphere (Anwadike, 2017). GHG warms the earth surface by absorbing heat 
and reducing the pace at which the heat trapped escapes to space (EPA, 2010). The 
concentration of atmospheric methane has increased in the last 2-3 centuries; this increase in 
the atmospheric abundance of methane must have been caused by an imbalance in the source 
and sinks of methane (Leng, 1991).  
Methane produced by ruminants is considered one of the important sources of GHG having a 
great impact on the environment, either from enteric fermentation or from their dung (Lassey, 
2008). It has been implicated globally as one of the key drivers for global warming and climate 
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change (IPCC, 2014). Recently, the United States Environmental Protection Agency stated that 
when methane emission from livestock and their excreta are combined, the agricultural sector 
forms the largest source of methane emission in the United States (EPA, 2020), thus raising 
the stakes against methane emissions. 
Methane emission as a result of rumen fermentation and excreta management were estimated 
to be up to 2.7 giga tonnes CO2 equivalent in 2014 with yearly increament from year2000 – 
2014 at the rate of 36 metric tonnes CO2 equivalent/year. As a result of these yearly increment 
ruminant livestock sector is contributing up to 54% of the global anthropogenic non CO2 GHG 
emissions from agricultural practices in recent time (Dangal et al., 2017). 
1.2 Justification 
Methane is produced in the rumen during the normal process of feed metabolism, and it 
represents a significant loss of energy that increases feed cost. Apart from methane emission 
contribution to global warming, its emission from livestock also represents a loss of energy 
from the animal (Monteny et al., 2006). The amount of energy loss as methane gas within 
ruminants may account for up to 10% of gross energy intake or up to 14% of digestible energy 
intake (Cottle et al., 2011). As such, effective mitigation of methane production will not only 
help in reducing global warming but will also improve animal productivity as the energy loss 
to methane emission could be conserved. 
Several approaches have been used to mitigate enteric methane emission. One of these 
approaches that are widely accepted is the use of ionophores, an antibiotic (e.g., monensin). 
Concerns with the use of ionophores are that they are antibiotics that may accumulate in animal 
products and become of a health issue (antibiotic resistance) to consumers of the animal 
products. Recently, consumers themselves are now curious about the ethical aspect of the 
production of animal products they consume. Another approach is in the form of modification 
of feeding practices towards the inclusion of high grain concentrates into ruminant feeding 
regimes. This strategy is the most developed and a ready-to-be-applied approach for mitigating 
methane emission. But it is not cost-effective, especially in regions where humans and animals 
are competing for crop products (e.g., grains), most especially in developing countries (Martin 
et al., 2009). 
The campaign for herd reduction and reducing meat consumption is another strategy, which 
has been successful in some developed nations to a larger extent. But the story is different for 
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most developing nations where it is practically impossible due to the increasing population and 
the need for animal protein to combat malnutrition and draft power for agricultural production. 
Hence, the herd population reduction option may not be a practical approach, especially in the 
Africa continent context. Therefore, an alternative approach needs to be employed, which will 
encourage herd growth, mitigate methane emission, give safe animal products for the growing 
populace and still be cost-effective by using the abundance of natural medicinal plant products.  
Medicinal plants that are rich in plant secondary compounds (saponins, tannins, etc.) have been 
reported for their antimicrobial activities (Cowan, 1999), which can be employed for rumen 
fermentation manipulation and methane production mitigation. Many studies have been 
conducted to establish the efficacy of plant extracts on methane emission reduction in 
ruminants. But most of these studies were only carried out in vitro, with very few in vivo, and 
not all in vitro results translate into in vivo reductions (Jayanegara et al., 2014). 
This research was born to evaluate and determine the efficacy of plant extracts from already 
identified medicinal plants to serve as an alternative feed additive which can be used in place 
of the antibiotic ionophore in ruminant production, and that will serve the purpose of improving 
rumen fermentation, feed efficiency and productivity while reducing methane production in 
the rumen. 
1.3 Objectives of the study 
The overall objective of this study was to evaluate and identify medicinal plant extracts that 
can manipulate rumen fermentation and improve animal productivity while mitigating methane 
emission, serving as natural alternative to antibiotic ionophore use in ruminant production. 
1.3.1 Specific objectives 
The specific objectives of this study were: 
 To evaluate medicinal plants extracts for their bactericidal effect through in vitro 
screening; 
 To determine the cytotoxicity effect of the medicinal plant extract on living cells in 
vitro; 




 To evaluate the effect of selected plant extracts on feed degradation, microbial protein 
yield, and gas production of low-quality forage in vitro; 
 To study the effect of plant extracts on feed intake, animal performance (growth), 
rumen fermentation efficiency and ruminal methane concentration of growing South 
Africa Merino sheep on low quality diet; and  
 To evaluate the effect of the plant extracts on nutrient digestibility and nitrogen 
metabolism of growing South Africa Merino lambs on low quality diet. 
1.4 Hypothesis 
 The hypotheses tested were: 
 Selected medicinal plant extracts have antibacterial activity against gram-positive and 
gram-negative bacteria; 
 Medicinal plant extracts are not cytotoxic to normal mammalian cells; 
 Medicinal plant extracts are rich in phytochemicals that have potential use in ruminant 
nutrition; 
 Medicinal plant extracts have effect on rumen fermentation end products and mitigate 
methane production in vitro; 
 Feeding medicinal plant extracts as an additive will improve feed intake, animal 
performance, rumen fermentation efficiency and mitigate rumen methanogenesis in 
sheep; and 
 Feeding medicinal plant extract as an additive improve feed digestibility and nitrogen 
metabolism, in growing lambs. 
1.5 Thesis structure  
This thesis is structured as follows: 
 A review of literature relevant to the study and research process (Chapter 2); 
 
  In vitro screening of selected medicinal plants for their antibacterial activity on gram-
positive and gram-negative bacteria (Chapter 3); 
 
 Quantification of the phytochemical constituent of the selected medicinal plant extracts 




  In vitro evaluation of the effect of selected medicinal plant extracts on rumen 
fermentation and gas production of low quality forage (Chapter 5); 
 
 In vivo evaluation of the effect of selected medicinal plant extracts on feed intake, 
nutrient digestibility, nitrogen metabolism, animal performance (growth), rumen 
fermentation and ruminal methane concentration of growing South Africa Merino 
sheep on low quality diet (Chapter 6);    
 
 General discussion, conclusion, and recommendation for further research (Chapter 7); 
and 
 




















Greenhouse gases (GHGs) are gases that can trap heat in the atmosphere, and gases that have 
been reported in these categories are CO2, CH4, N2O, and fluorinated gases (IPCC, 2014). 
These GHGs are emitted due to natural causes and human activities on a global scale (EPA, 
2017). The accumulation of GHGs has resulted in a rise in global temperature to approximately 
0.78 ±1.8°C in the 20th century, which is the most significant temperature rise within the last 
few thousands of years (IPCC, 2007). The IPCC warned that if action is not taken to reduce 
these emissions of GHGs, the temperature rise could attain a range between 0.8°C and 6.4°C 
by 2090. This temperature rise would cause both an increase and a decrease in precipitation in 
regions with high rainfall and areas with low rainfall, respectively (Gerstengarbe and Werner, 
2008). Generally, the effect of GHGs is global warming, which is also broadly related to other 
forms of climatic changes, such as increasing rainfall intensity, decreasing snow cover on the 
northern hemisphere, rising sea levels, warmer and more often hotter days and night and 
widespread ocean acidification (Singh and Singh, 2012). 
The global atmospheric concentration of methane gas is increasing, and this calls for concern 
because of the global warming potential of this gas and its implication and contribution to 
climatic change, which is of global concern. The major anthropogenic sources of methane 
emission are animals (primarily livestock ruminants), rice cultivation, biomass burning, natural 
oil and gas production and distribution, coal mining, landfills, and manure management (Leng, 
1991). Agricultural activities (ruminant livestock production, livestock manure management, 
rice cultivation, post-harvest management) when put together will become a major and 
important source of methane gas emission (EPA, 2010).  
Along with CO2, methane gas is one of the most important GHG in terms of its potential to 
raise global temperatures. Methane is estimated to contribute up to 20% global warming from 
the greenhouse gas effect second only to CO2. It is noteworthy that for each greenhouse gas, a 
“Global warming potential (GWP) has been calculated to reflect how long, on average, it 
remains in the atmosphere, and how strongly it absorbs energy. Gases with a higher global 
warming potential absorb more energy per kg relative to gases with lower global warming 
potential and thus contribute more to the warming of the Earth (EPA, 2017). Methane has been 
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documented to have GWP of between 28-36 over 100 years, which is higher when compared 
to CO2 with GWP of one regardless of the time used, and it is the gas that has been used as the 
reference; thus, methane contributes more to global warming (EPA, 2015). Methane gas has 
also been reported for its ability to encourage the formation of earth surface ozone in cities and 
also affect other aspects of atmospheric chemistry (Harvard gazette, 2013). N2O is another 
GHG with a much higher GWP of 265-298 times that of CO2 over 100years timescale, 
fluorinated gases such as Chlorofluorocarbons, Hydrofluorocarbons, Perflorocarbons, and 
Sulfur hexafluoride (CFCs, HFCs, HCFCs, PFCs and SF6, respectively) are another group of 
GHGs with higher GWP. Because a given amount of this gases trap a substantial amount of 
heat higher than CO2 and their GWPs are in thousands or tens of thousands, for instance in the 
case of Tetrafluoromethane (CF4), its GWP is 6,630-7,350 over 100 years (IPCC, 2007), 
whereas SF6 has a GWP of 23,800 for 100 years (Kovacs et al., 2017). 
 
 
Figure 2.1. Methane emission source 
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2.2 Methane Gas as a Product of Rumen Fermentation 
Methane gas that is emitted from ruminants mainly through belching or eructation is produced 
in their guts as a result of microbial digestion in the fermentative vat (Rumen) (Murray et 
al.,1976), which is especially produced by methanogenic microorganisms that belong mainly 
to the Archaea group (Cottle et al., 2011). Lassey et al. (1997) reported that approximately 87-
90% of the enteric methane is produced in the rumen while the remaining is released in the 
large intestine. The digestion of feed by microbiota present in the rumen under anaerobic 
condition usually results in the production volatile fatty acids (C2-C5), which is taken up by 
animals directly and serves as a source of energy but always accompanied with the production 
of gases (CO2 and CH4). The major factor that influences the amount of methane gas produced 
and emitted by ruminants is their feed composition (such as the type of carbohydrate in the 
animal feed). Other factors are the feed intake level, the alteration of the rumen microflora and 
the quality of the diet (Johnson and Johnson, 1995). 
2.3 Rumen as a fermentative vat  
The digestive anatomy and physiology of ruminants are markedly different from that of 
monogastric animals. Ruminants have three additional digestive organs at the anterior end of 
their tract, namely the rumen, reticulum, and omasum, which allow the microbial population 
to extract and the host to absorb energy (symbiosis relationship) from fibrous plants material 
not otherwise available to mammalian enzymes (Hart et al., 2008). The peculiarity of the 
ruminant animals is in their ability to convert cellulose, hemicellulose, and non-protein 
nitrogen into useful animal protein products (Lassey et al., 2008). This is credited to their 
forestomach (reticulo-rumen) where the ingested roughages are first exposed to microbial 
digestion under anaerobic conditions.  
The rumen is a large chamber in the ruminant intestine in which the ingested feed is subjected 
first to microbial digestion; it is an ideal microbial habitat because its conditions are conducive 
for the survival of microorganisms. The end products of rumen fermentation are removed either 
by absorption into the blood (the short-chain fatty acids) or through eructation (gases) 
(Nagaraja, 2016).  The physical breakdown (chewing and rumination) and the microbial 
digestion of feedstuff are critical to the degradation of feed in the rumen (Hart et al., 2008). 
Together with fungi, the microbial population in the rumen includes members that belong to 
all three domains, Eubacteria (Bacteria), Archaea (Methanogens), and Eukarya (Protozoa and 
Fungi). The rumen ecosystem contains the following types of microorganisms: bacteria, 
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protozoa, fungi, and bacteriophages (Nagaraja, 2016). Fermentation in the rumen by 
microorganisms is carried out by a mixed population of bacteria and ciliate protozoa, together 
with a smaller population of archaea and metabolically important population of anaerobic fungi 
(Dehority, 2010). 
Table 2.1. Types of Ruminal Microorganisms and Their Population in Ruminal Fluid 
Types  Domain  Number per ml/g of 
ruminal content 
Percentage of total 
microbial mass 
Bacteria  Eubacteria  109-1011 40-90 
Methanogens  Archaea  105-108 2-4 
Protozoa:  Eukarya   0-60 
                 Flagellates   102-103  
                 Ciliates    104-106  
Fungi  Eukarya  --- 10 
Bacteriophages  --- 1011-1012 - 
Source: Microbiology of the rumen, Nagaraja 2016 
Ruminants depend on these microorganisms for fermentation and digestion of large amount of 
fibrous feeds they consume, which cannot be digested by mere enzymes produced in the simple 
stomach of all other classes of animal (Yokoyama and Johnson, 1993). This fibrous feed 
ingested by ruminants is deposited in the first compartment of their forestomach: - the rumen 
where the feed is fermented through microbial degradation by rumen microbes and as a result, 
polysaccharides in these feeds are converted into volatile fatty acids (VFA) and microbial 
protein accompanied by the release of gaseous by-products (Kamra, 2005).  
Rumen microbes depend on the host to provide food and physiological conditions necessary 
for their growth and development. Hungate (1984), described their relationship as a classical 
example of the cooperative model in an animal-microbe sense. While Nagaraja (2016), stated 
that rumen microbes and the ruminant live in a symbiotic relationship; the host providing 
nutrients to microbes and also contributing to the maintenance of physical and chemical 
conditions for optimal microbial fermentation; and, the microorganisms providing energy 
(VFAs), protein (microbial cells/ proteins) and B-vitamins to the host ruminant (Owens and 




Methanogenesis is the production of methane by microorganisms called methanogens 
(methane-producing bacteria). These methanogenic organisms utilize simple substrate at low 
reduction potential to produce cellular energy. Martin et al. (2010) stated that methanogenesis 
is essential for the optimal performance of the rumen because it avoids hydrogen accumulation. 
This agrees with Yokoyama and Johnson (1993) that methanogenesis plays a vital role in 
regulating the overall fermentation by removing hydrogen gas from the rumen.  
Hydrogen gas (H2) released as a result of fermentation of feeds by rumen bacteria, protozoa 
and fungi are then used up by the hydrogen utilizing microbes in the rumen, in which the 
methanogenic bacteria (archaea) are part. Methanogenic bacteria utilize hydrogen gas to reduce 
CO2 and produce methane gas in the rumen. Yokoyama and Johnson (1993) stated that the 
activities of methanogenic bacteria are crucial to the growth and development of other rumen 
microorganisms (species) and for promoting efficient fermentation of feed substances. 
Fermentation in the rumen is an oxidative process, during which reduced co-factors are re-
oxidized through dehydrogenation reactions releasing Hydrogen (Martin et al., 2009). 
Methanogenesis serves as a hydrogen sink, as its accumulation is energetically inefficient, and 
it can lead to the inhibition of co-factor re-oxidation, which may eventually inhibit fermentation 
in the rumen (Wolin et al., 1997; Ungerfeld, 2013).  
Sirohi et al. (2010) reported that methanogens coupled methane production with energy 
production. They are a diverse group of organisms found in anaerobic environments, which are 
capable of forming methane gas using metabolic hydrogen, to reduce carbon dioxide (Sirohi et 
al., 2010). Methanogen belongs to the domain archaea, which represents a group of organisms 
that is phylogenetically distinct from both eukaryotes and bacteria. Although, many live in 
close associations with other anaerobic bacteria and often attached to protozoa in the rumen 
(Vogel et al., 1980; Nagaraja, 2016), facilitating interspecies hydrogen transfer (Yokoyama 
and Johnson, 1993).   
The production of methane by microorganisms is an essential form of microbial metabolism 
(anaerobic respiration), where the terminal electron acceptor is a carbon (Thauer, 1998). 
Methanogenic bacteria have been divided into three orders, which are further subdivided into 
families’ genus and species (Balch et al., 1979). Archaea has a cell wall that is composed of 
various polysaccharides and glycol-conjugates. They lack peptidoglycan common to bacteria, 
but they still form rigid cell boundaries that confer resistance to high internal osmotic pressure 
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(Esko et al., 2009). To do this, they synthesize protein or glycoprotein coats or reinforce their 
cytoplasmic membranes (Eichler and Adams, 2005). Esko et al. (2009) indicated that archaea 
lack the peptidoglycan found in almost all prokaryotes. Methanogens (archaea) contain a 
pseudomurein layer instead, which is similar to the peptidoglycan structure. Meanwhile, Sirohi 
et al. (2010) indicated that methanogens might be categorized into three classes based on their 
principal cell wall constituent and their cell envelopes, which are (1) pseudomurein layer, (2) 
protein or glycoprotein layer and (3) hetero-polysaccharides layer.  
Pseudomurein layer is found in methanogen species from the Methanobravibacter and 
methanobacterium genera; heteropolysaccharides layer is found in species from the 
Methanosarcina genera while protein or glycoprotein layer is found in species from the 
Methanomicrobium (Balch et al., 1979). 
2.4.1 Biochemistry of Methanogenesis 
The methane production pathway in the rumen involves the use of formate, acetate, or 
inorganic carbon dioxide and metabolic hydrogen. Ruminal methanogenic organisms make use 
of the hydrogen produced during the process of carbohydrate degradation in the rumen to 
reduce CO2 to methane (Schonhusen et al., 2003). 
Formate – 4HCOOH                  CH4 + 3CO2 + 2H2O 
Acetate – CH3COOH                   CH4 + CO2 




Figure 2.2. Simplified scheme of carbohydrates fermentation in the rumen (source: Ungerfeld, 
2020) 
The biochemistry of methanogenesis is relatively complex, some unique enzymes are involved 
in the process. The pathway of methanogenesis requires seven coenzymes and eight enzymes 
(Sirohi et al., 2010). Graham and White (2002) enumerate these coenzymes involved in 
methanogenesis as Coenzyme F420, Coenzyme F390, Coenzyme M, Coenzyme B, 
Methanofuran, Methanopterin, and Co-Factor F430. 
Coenzyme F420: Is the (N – (N-L-Lactyl-y-glutamyl) L – glutamic acid phosphodiester of 7, 8 
– didemethyl) 8 – hydroxyl – 5 – deazariboflavin 5 phosphate. It has absorption maxima at 
420nm and gives blue-green fluorescence oxidized state (Tzeng et al., 1975). This coenzyme 
is common to all methanogens. 
Coenzyme F390: Structurally, it is a compound formed by the addition reaction of F420 (i.e., 
F420 adduct). It is adenosine – 5 – phosphate that is linked to 8 hydroxyl groups. F390 act as 
alarmone and activate the enzyme NADP+ reductase (Hausinger et al., 1985). 
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Coenzyme M (CoM): It is structurally a 2-mercaptoethanesulphonic acid, and it is the smallest 
known organic co-factor. It acts as a terminal methyl carrier in methanogenesis (McBridge and 
Wolfe, 1971). 
Coenzyme B (CoB): It is structurally 7-mercaptohepta-moylthreonine phosphate and acts with 
Coenzyme M at the final stage of methanogenesis. It is a colourless co-factor. 
Methanofuran: It is a CO2 reduction factor, which is the only known co-factor to contain furan 
moiety. Archaea group has been reported to produce five different methanofurans. Its core 
structure is 4-[N-(Y-l-glutamyl-Y-l-glutamyl)-p-(β-aminoethyl) phenoxymethyl]-2-
(aminomethyl) furan, which is found in all methanofurans (Leigh et al., 1984). 
Methanopterin: is a coenzyme in methanogenesis and structurally methanopterin is related to 
folic acid as it consists of the same pteroic acid core found in folates (Keltjens et al., 1983). 
2.5 Strategies for mitigating methane emission 
According to Hopkins and Delprado (2007), strategies for an overall reduction of methane 
production per individual animal is the primary goal, which can be achieved through systemic 
changes, dietary changes, or direct rumen manipulation. 
2.5.1 Dietary Strategies 
Modification of feed and nutrient composition of a ruminant’s diet can mitigate methane output 
of these animals.  It has been reported that the feeding of a high grain-based diet in the form of 
concentrates would reduce the population of rumen protozoa, alter acetate propionate ratio, 
reduce rumen pH, and decrease methane production per unit of feed intake (Wanapat et al., 
2013). In their review, Martin et al. (2009) highlighted that this strategy is the most developed 
and ready to be applied. But it is not cost-effective, especially in regions where humans and 








Table 2.2 Classification of methanogens 
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Methanospirithum M.hungetei  
Methanosarcinacae Methanosarcina M.barkeri 




Table 2.3. Characteristics of rumen methanogens 
 



















Cell shape Slender, cylindrical 
with blunt rounded 
end 
Slender, cylindrical 
with blunt rounded 
end 
Short lancet shape to 
oval cocci 
Very short lancet 
shape to oval rods or 
coccus 
Straight or slightly 
curved with rounded 
end to rod shape 
Sphere to coccoid 
shape 
Cell size Length depends on 
strains 




0.5-1.0 µm width 
1.0-1.5µm length 
0.5-1.0 µm width 
1.0 – 2.0 µm length 
0.7 µm width 
1.5 – 2.5 µm 
diameters  




Gram-positive Gram-negative Gram-positive 
Motility Non-motile Non-motile Non-motile Non-motile- varied 
motility 
Motile Non-motile 


























C25H46, C25H48,  
 













38 – 45°C 37 – 39°C 37 – 39°C 37 – 43°C 38 – 40°C Mesophiles-
thermophiles 
Optimum pH for 
growth 
Not available 6.9 – 7.2 6.3 – 6.8 6.9 – 7.0 5.9 – 7.7 7.0 
Surface colony 
Character 
White to grey 
Flat and filamentous 
Grey to light grey 





Off white to yellow 
Convex and circular 
Colourless to pale 
yellow Translucent 
entire and convex 
Whitish 





2.5.2 Systemic Strategies 
This form of strategy involves breed consideration. Concerning low methane-producing 
animals, it has been established that there exists a between animal variability at the same level 
of performance and on a similar diet. Lassey et al. (1997) observed diverse methane emission 
of 14.6 and 23.8g among sheep consuming the same amount of dry matter. More studies have 
shown animal variability to methane production: Goopy and Hegarty, (2004); Pinaares-Patino 
et al. (2007); Vlaming et al. (2008), all indicating between animals or total variation to methane 
production. It has been reported that animals that have high feed efficiency produce less 
methane gas compared to their counterpart with lower feed efficiency (Nkrumah et al., 2006; 
Hegarty et al., 2007). These reports suggest two things: (1) a likelihood of variation of 
microbial types or microbial composition (population) in ruminants; (2) genetic variation in 
the rate of passage of particles and liquid in the rumen (contingent on among others chewing 
extent, rate of salivation, and size of reticulo-omasal orifice). Incidentally, little or no effort has 
been directed towards breed selection of ruminants for reduced methane production. Gills et 
al. (2009) noted that when considering this strategy, the request of producers, welfare and 
health of animals, environment and economic viability are sometimes contrasting and have to 
be considered globally. 
Intensive production and livestock population; Reducing livestock population as an approach 
to mitigating methane gas emission implies reducing the number of animals but increasing 
productivity per animal (Leng, 1991). This approach has largely been successful across the 
developed nations (Thorpe, 2009). However, the story is different in the developing countries 
because apart from meat and other animal product from this class of animals, they are the major 
source of draft power for agriculture coupled with socio-economic reasons (Leng, 1991).  
Clemens and Ahlgrimm (2001), broadly divided methane mitigation strategy in ruminants into 
two: Preventive and End of pipe. A preventive option was described as dietary manipulation in 
animal husbandry, which may lead methane emission mitigation to become a secondary effect 
while the primary effect is to improve production efficiency by feeding high-quality grain-
based diets (Ulyatt and Lassey, 2000). 
End of pipe option was described as an option that can lead to the inhibition of methanogenesis 
within the rumen environment. Some of the methane mitigating approaches that have been 
reported in this category are: the use of ionophores as growth promoters (Richardson et al., 
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1976; Van Nevel and Demayer, 1996; Callaway et al., 2003); oils (Lovett et al., 2003;  
Woodward et al., 2006); probiotics (Martin et al., 1989); halogenated agents (McCrabb et al., 
1997; McCrabb, 2000); propionate enhancers (Martin and Streeter, 1995); defaunation 
(Hegarty, 1999); organic acids (Carro and Ungerfeld, 2015) and the use of plant secondary 
metabolites (Wang et al., 2000; Patra et al., 2006; Beauchemin et al., 2008; Grainger et al., 
2009; de Jesus Pereira et al., 2017; Akanmu and Hassen, 2018) 
2.5.3 Ionophore (Antibiotics Use as Feed Additives) 
Ionophores have two pathways by which they effect methane production when added to the 
diet of ruminants. It increases feed conversion efficiency, which leads to a reduction of methane 
output per unit of products. It exerts effects on rumen fermentation, causing a reduction in the 
amount of methane produced per unit by dry matter consumed (Leng, 1991).  
Van Nevel and Demayer (1996) indicated that feeding ruminants high concentrate diets with 
ionophore additive could bring about 5 - 6% reduction in dry matter intake and 6 - 7% increase 
in feed conversion efficiency accompanied by an average reduction of methane emission of 
18% in in vivo trials. Ionophore induced methane output reduction was categorized into two; 
55% reduction was related to reducing feed intake while 45% reduction was a direct effect on 
rumen microbial fermentation (O’Kelly and Spiers, 1992). One of those concerns about the use 
of ionophores to achieve methane mitigation by manipulating rumen fermentation is their 
short-term effect. Increasingly, evidence suggests that rumen microbes adapt to ionophore in 
the long term (Chalupa, 1988; Johnson and Johnson, 1999). Another concern with the use of 
ionophores is that they are antibiotics, which may accumulate in animal products and become 
a health concern to consumers of animal products. In fact, ionophore antibiotics top the list of 
feed additives that are no longer permitted in the European Union (EC, 2005). 
2.5.4 Use of Oils 
Both vegetable and animals’ lipids (fat and oils) have a high potential of depressing methane 
production in the rumen. An in vitro study by Broudiscon and Lassalas (1991) showed 
decreased methane output with oils from linseed, while Machmuller et al. (2000) indicated that 
vegetable oil reduced methane emission in growing lambs. Martin et al. (2008) also reported a 
similar result, but in dairy cattle, although, methane output reduction was not achieved when a 
similar study was conducted for 12 weeks. Lovett et al. (2003) reported the effect coconut oil 
has as an additive to forage and concentrate based diets, offered to steers caused a reduction in 
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voluntary intake of feed and suppressed the protozoa population in the rumen, which eventually 
brought about a reduced methane output without any effects on livestock production. Hu et al. 
(2005) suggested that the effect of oils on methanogenesis appears to be as a result of microbial 
inhibition, especially the protozoa class.  
2.5.5 Probiotics 
Frumholltz et al. (1989) demonstrated the potential of probiotics to mitigate methane 
production in vitro. However, the result of in vitro trial on the use of probiotics additives to 
mitigate methane emission was not consistent (Martin et al., 1989). The number of reports on 
the use of probiotics in reducing methane emission is very small, suggesting that probiotics 
have limited utility to reduce methane emission in ruminants (Lascano and Cardenas, 2010). 
2.3.6 Organic Acids 
An increase in propionate production would help in mitigating CH4 production in the rumen 
because an increase in this volatile fatty acid will reduce the availability of hydrogen to 
methanogens (Lascano and Cardenas, 2010). This stoichiometry of one mole of carbohydrate 
from forage would produce the following: 
Hexose            pyruvate + 2ATP + H2 
2 Pyruvate + H2O             2 Acetate +2CO2 + 2H2 + 2ATP 
2 Pyruvate + 8H                2 propionates + 2H2O + 2CO2 + 2ATP 
2 Pyruvate + 4H                Butyrate + 2H2 + 2CO2 + 2ATP 
 CO2 + H2            CH4 + 2 H2O + 2ATP (Leng, 1991).  
Lascano and Cardenas (2010) stated that there are some organic compounds (organic acids) 
that are propionates precursors such as malate, fumarate, and pyruvate. Martin and Streeter 
(1995) reported an increase in propionate production and a decrease in methane output using 
malate in an in vitro study. However, using steers fed diets supplemented with malate, they 
observed an improved feed conversion efficiency when compared to control without any effect 
on methane emission (Martin et al., 1999). Carro and Ungerfeld (2015) indicate that in batch 
and continuous mixed culture experiments, rumen pH stabilization and reduced methane 
production due to metabolic hydrogen competition were achieved. While their effect on 
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methane production was variable in in-vivo studies, they still cause an increase in average daily 
weight gain, improve feed efficiency (lambs and beef cattle), and enhance milk production 
(dairy cows) (Carro and Ungerfeld, 2015). Organic acids have also been reported to be present 
in higher concentrations in the leaf of some plants such as Bermuda grass, Lucerne, and fescue 
(Callaway et al., 1997).  The use of these organic compounds in animal feeding is considered 
safe for the animal, the consumer, and the environment, but they are currently not 
economically viable (Carro and Ungerfeld, 2015). 
2.5.7 Halogenated Compounds 
Leng (1991) indicated that with halogenated compounds (such as chloral hydrate) that the 
problem of methane mitigation/inhibition may almost be completed, but it appears that their 
action is not sustained. Another halogenated compound is bromochloromethane that is a 
potentially strong inhibitor of methane production in ruminants (Mitsumori et al., 2012). Using 
this compound resulted in reduced methane emission, reduce feed intake with little or no effect 
on weight gain, and increased feed conversion efficiency (McCrabb et al., 1997; McCrabb, 
2000). 
The general problem with halogenated compounds is that microbial population may get used 
to them and become resistant, which makes their action to be short-lived or not sustained (Leng, 
1991; Van Meyer and Demeyer, 1996). Another noteworthy point for these compounds is that 
they inhibit methanogens directly, which may lead to reduced rumen digestion efficiency that 
is counterproductive from the production point of view (Leng, 1991). 
2.5.8 Defaunation 
Hegarty (1999) reported that defaunation reduces methane emission in several ways; it reduces 
hydrogen production, reduces the methanogenic bacteria population that is associated with 
protozoa and also lowers fibre digestion. Lange et al. (2005) stated that rumen methanogens 
are associated with protozoa; hence, defaunation will definitely inhibit methanogenesis 
indirectly. Meanwhile, Patra et al. (2006) reported that methanogenesis is not essentially 
related to protozoa population in the rumen. The proportion of total methane production that is 
due to rumen methanogens associated with protozoa is little (Hess et al., 2003). Machmuller et 
al. (2003) also indicated that defaunation has little or no significant role in methanogenesis. 
One of the general hypotheses is that defaunation reduces the population of methanogens in 
the rumen but in a meta-analysis Newbold et al. (2015) reported that the decrease in 
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methanogenic bacteria level was not significant with defaunation. Gruyadar et al. (2014) 
demonstrated that there is a linear relationship between methane emission and protozoa 
concentration. Generally, between 9-37% of ruminal methane production can be ascribed to 
methanogens associated with protozoa in the rumen (Newbold et al., 1995; Machmuller et al., 
2003).  
Other approaches with the potential of mitigate methane emission from ruminants that have 
been identified are acetogen, immunization with the use of vaccine, genetic modification of 
rumen microbes, breeding and selection. 
Significant concerns of these options are acceptability by regulatory standard (ethics), 
availability of such technology commercially, economic viability and their long-term effect on 
the animals (Ulyatt and Lassey, 2000). Generally, the problem with most of these strategies is 
that they are still challenging to implement on a commercial scale. Besides, those methods that 
work on laboratory or pilot scales may not be successful or sustainable on the farm, on a 
regional or national level. Some of these strategies that work in vitro may not also translate 
into in vivo success (Thorpe, 2009). 
2.6 Herd Downsizing as a Mitigation option 
Thorpe (2009) highlighted that herd reduction is probably the most straight forward strategy to 
reduce enteric methane emission. This strategy resonated with the report of Leng (1991) 
emphasizing that the overall strategy for methane emission mitigation must be the one that 
maximizes animal production from available resources and minimizes the number of ruminants 
needed to meet the populace demand of animal products. Thorpe (2009) further stated that 
three factors have contributed to the ruminant animal population downsizing across the 
developed nations over the last few decades. 
Firstly, increased public awareness about the relationship between meat consumption and some 
health issues, including increasing antibiotics immunity, allergic reactions, cancers, diabetes, 
cardiovascular diseases, and reduced fitness. Norat et al. (2005) reported that individual 
between 35 - 70 years old consuming more than 160g of red meat per day are 35% more likely 
at risk of developing bowel cancer than those who consume below 20g a day. Also, the case of 
zoonotic diseases, for instance; the case of BSE crisis (Mad cow disease) in the United 
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Kingdom that is one of the recently discovered zoonotic diseases that has now been linked to 
the variant Creutzfeldt-Jakob disease in human (vCJD) (Lee et al., 2013). 
Secondly, Horrigan et al. (2002) stated that it approximately takes 7kg of grain to produce 1kg 
of beef, suggesting that much input goes into a gram of animal product being consumed. 
Furthermore, sporadic food scarcity around the globe, is threatening food security. 
Unfortunately, this herd reduction strategy in the developed countries has been more than offset 
by herd growth in the developing countries which is seen as an opportunity for economic 
growth and the global herd population are currently as high as before the move by the 
developed nations (Thorpe, 2009). Dangal et al. (2017) also reported that the contribution of 
developing regions to total methane emission had risen from 51.7% in the 19th century to 72.5% 
in the 21st century. These changes can be attributed to the increase in livestock numbers by up 
to 121% in developing regions, against the downsizing of livestock number by up to 47% in 
developed nations (Dangal et al., 2017). 
Developing countries are yet to develop their methane mitigation strategies; at present, via-a-
vis herd growth, there is no pointer of any serious methane mitigation strategy ongoing in most 
of the developing countries. Rosegerant et al. (1999) suggested that enteric methane emission, 
originating from the developing world, will continue to increase. Downsizing herds is poorly 
implemented in the developing world due to socio-economic consideration. For instance, in 
India, almost every rural household owns at least a cow upon which they depend for cash flow 
and high-quality protein for their diets, which are mostly vegetarian (Leng, 1991). In Africa 
with infancy vegetarian community, cows frequently meet family’s needs for protein and cash 
flow with milk, draught power (because of limited mechanical power), and infrequently meat.  
Hence, this herd reduction strategy raises further considerations:  Firstly, the strategy of global 
animal reduction necessitates alternative sources to draught power, and this will likely be oil-
based (fossil fuel) with a concomitant rise in CO2 emission (a potent GHG on its own). 
Secondly, decrease in ruminants’ animal product (meat & milk) diets will lead to reduced 
enteric methane emission, but this will not only be harmful for the already overfished aquatic 
population (Thorpe & Bennett, 2001) but will also lead to enhanced anthropogenic methane 
emission from wetlands (FAO, 2004). However, I.V. Nsahlai (pers. Com) calculated that by 
increasing diet digestibility which would be ensuring slight growth beyond maintenance (10 




Figure 2.4. Effect of monensin on various aspects of ruminal fermentation. (Source: Russell, 2002) 
would not only shorten the lifespan of animals but will almost zero the African protein 
shortage. 
2.7 Ionophore as Additives in Animal Production 
Antibiotics (ionophores), despite their success in abating methane production and improving 
feed conversion efficiency in ruminants, their use has, however, elicited fears grounded on 
antibiotic resistance, which is of utmost concern in human (consumers of animal product) 
health. It has sparked a debate that has generated several arguments. Physicians indicate that 
incessant use of antibiotics in animal feed would create a selection pressure for resistance that 
in the course of time would eventually spread to man; however, livestock producers insist that 
the said antibiotics resistance is more likely to be a result of misdiagnosis of infection by 
physicians and/or associated with improper administration of antibiotics (Russell and 
Houlihan, 2003). Research has reported that inclusion of monensin (a common ionophore) in 
animal feed would improve feed efficiency by altering ruminal fermentation (Callaway et al., 
2003; Richardson et al., 1976). Thornton and Owens (1981) demonstrated in vivo methane 
production in steer would reduce; and ruminal acetate to propionate would decrease 













Less methane Higher propionate to 
acetate 






Inhibition of lactate 
producers 
Less lactate Higher pH 
25 
 
Table 2.4. Methane abatement strategies, mechanism of abatement and considerations of use 
Methane abatement 
strategy 








Decrease cell wall 
components 
Increased passage rate; a 
higher proportion of 
propionate versus acetate; 
reduced ruminal pH 
Shift methanogenesis to 
hindgut or manure, risk of 






Inhibition of methanogens 
and protozoans; greater 
propionate to acetate; 
biohydrogenation 
Effect on palatability, intake, 
performance, and milk 
components; varies with 
diets and ruminant species; 
long term studies required 
Defaunation;  





Adaptation of microbiota 
may occur; varies with diet; 
maintenance of defaunated 
animals  
Methanogen vaccine Host immune response to 
methanogens 
Vaccine targets; diet and host 
geographical location 
differences 
Monensin  Inhibits protozoa and gram-
positive bacteria; lack of 
substrate for 
methanogenesis 
Adaptation of microbiota 
may occur; varies with diet 
and animal; banned in the 
EU 







In vivo research needed; long 





Hydrogen sink, a higher 
proportion of propionate to 
acetate 
Varies with diets; more in 
vivo research needed; may 
affect digestibility 
Source: Hook et al., 2010 
26 
 
Ionophores are known to affect the cell membrane; Pressman (1985) indicated that ionophores 
are highly lipophilic polyether that accumulate in cell membranes and catalyzes rapid ion 
movement. Ionophores also act as antiporters when fed to ruminants by binding protons or 
metal ions, and only uncharged molecules containing either a proton or metal ion can move 
freely through the cell membrane (Russell, 2002). 
The mechanism of action of ionophores has some resemblance to that of saponin. Saponin has 
been reported by Seemans (1974) to have the ability to exact an effect on cell membrane 
permeability. Hostettmann and Martson (1995) stated that saponins are amphipathic glycosides 
combined with a lipophilic triterpene derivative or steroidal in nature. Saponins have also 
caused a decrease in rumen ammonia concentration (Makkar et al., 1998). Generally, the 
inhibition of methane has been achieved by the addition of compounds in this class from 
different plant sources to animal feed (Ningrat et al., 2002; Hess et al., 2004; Santoso et al., 
2004). 
2.8 Application of plant extracts to mitigate methane emission 
After prohibiting the use of growth-promoting antibiotics in animal feeds in the European 
Union (EC, 2003), several other nations became skeptical about their use, based upon the 
concerns raised that their use may give rise to transmissible resistance factors that may 
compromise the therapeutic use of antibiotics in human beings (Casewell et al., 2003). This 
prohibition has led to an increased interest in the research area of alternative means of rumen 
manipulation since the main reason for using the antibiotics in ruminant production is to 
manipulate rumen fermentation to increase productivity. One of these alternatives to antibiotics 
is the use of plant secondary metabolites or compounds (Natural Plant Products/phytonutrients) 
(Seal et al., 2013). There are several plant secondary compounds that are responsible for plant 
protection against microbial and insect attacks (Cowan, 1999; Iason, 2005) most of which are 
non-nutritive but are functional (Dillard and German, 2000). 
Some of these secondary compounds may exhibit toxicity against animal cells (Greathead, 
2003), increasing the need for cytotoxic evaluation of selected plant extracts/compound before 
adopting them as animal feed additives. Some of these plant secondary metabolites have been 
used in ruminants and non-ruminants to manipulate their gut function (Seal et al., 2013) and 
for the treatment of parasitic infections such as nematodes (Ahmed et al., 2014). These plants 
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secondary compounds fall in several categories: saponins, phenols, triterpenoids, alkaloids, 
steroids, tannins, flavonoids, essential oils, organosulphurs, and glycosides.   
2.9 Phytochemicals (Plant secondary metabolites) 
In the strictest sense, phytochemicals refer to chemicals produced by plants. They are chemicals 
from plants, which are not considered as an essential nutrient or a non-nutritive component that 
may affect health (Dillard and German, 2000).  These plant chemicals are present in fruits, 
leaves, whole grams, herbs, spices, nuts, roots, stems and seeds of plants. Phytochemicals are 
referred to as plant secondary metabolites, which are components of plants that have the ability 
to provide health benefits with their discrete bio-activities towards animal biochemistry and 
metabolism (Dillard and German, 2000); they are organic compounds in plant parts that are not 
involved in the primary biochemical processes in plants. Patra and Saxena (2009) stated that 
these plant secondary metabolites produce a line of defense mechanism to the plants, which 
enhance survival of plants, their structure, and reproductive elements by protecting them 
against insects and other infectious predators. 
These organic compounds provide definite physiological action in the animal system and 
inhibit several types of microorganisms (bacteria, fungi, virus, protozoa, nematodes, and other 
parasites) in vitro (Cowan, 1999). These compounds have served as folkloric herbal medicine 
since time immemorial (Chevalier, 1996; Sofowora, 1999). 
Phytochemicals have bioactive compounds with consequent health benefits in animals and 
even humans. Densie (2013) strongly suggested that consuming foods rich in phytochemicals 
provided health benefits, but there is no specific recommended allowance of phytochemicals 
intake. Also, animal nutritionists are exploring ways of exploiting these bioactive 
phytochemicals for improving animal productivity. In ruminant science, the focus has been on 
improving rumen metabolism, particularly in manipulating rumen ecosystem and mitigating 
methane emission as ways of improving ruminant production (Wang et al., 2000; Hess et al., 
2003; Patra et al., 2005; Ghosh et al., 2011; Kim et al., 2012). These compounds have been 
identified to have the potential to serve as a substitute for chemical and antibiotics feed 




These are a class of secondary chemical compounds produced particularly in abundance by 
several plants, although, some lower marine species and bacteria also produce them (Riguera, 
1997). Saponin is characterised by its ability to form stable foam in aqueous solutions similar 
to that of soaps when agitated. They are amphipathic glycosides; structurally, they have one or 
more hydrophilic glycosides, combined with a lipophilic triterpene derivative or steroidal 
(Sapogenin) (Hostettmann & Martson, 1995). Saponins are present in leaves, seeds, tubers, 
barks and also in fruits of various plants. They are found in plant tissues that are most 
vulnerable to insect predation and also bacteria or fungi attacks (Gusmayer et al., 1994). 
Saponins have a wide range of biological effect, including exacting an effect on membrane 
permeability. Permeability is affected by the formation of the micelle-like aggregation of 
saponins and cholesterol (Seeman, 1974). Francis et al. (2002) has reported that saponins also 
disturb other properties of membranes aside permeability. Saponins cause haemolysis as a 
result of the affinity of the aglycone (sapogenin) fraction of saponins for membrane steroids 
(Glauert et al., 1962). 
Hart et al. (2008), reviewing the effects of saponins and or saponin-containing plants, suggest 
that the composition of diets given to animals might have an influence on their response (total 
ruminal volatile fatty acids production) to saponin supplementation. Previous work has also 
reported that the inclusion of saponin in ruminants diet leads to a decrease in rumen ammonia 
concentration (Makkar et al., 1998). Wallace et al. (1994) explained that the effect of saponin 
on rumen ammonia concentration might be due to the pronounced effect of saponin on rumen 
microbial population, which may eventually lead to a reduction in microbial protein yield. 
Generally, the effect of saponin on rumen microbial activity and population is likely influenced 
by the basal diet (Goetsch and Owen, 1985). Interestingly, some microbes in the rumen can 
degrade saponins; Makkar and Becker (1997) in an in vitro study concluded that the complete 
















Figure 2.6. Chemical structure of simple phenols, (Source: Encyclopedia Britannica 
(https://www.britannica.com/science/phenol, last accessed 28th Feb. 2020) 













Steroids preferably Phytosterols in this context are cholesterol-like molecules found in plants, 
especially in vegetable oil extracts. Like cholesterol in animal cell membranes, phytosterols 
are essential structural components of plants membranes, where they serve to stabilize 
phospholipids bilayers (Segura et al., 2006). Patterson (2006) reported that plant sterols are 
slightly different from cholesterol structurally by the presence of a methyl/ethyl group in their 
side chain. These phytosterols have been proven to enhance the immune system and decrease 
the risk of certain cancers (Awad and Fink, 2000) and can effectively lower blood cholesterol 
thereby reduce the risk of coronary heart diseases (Ling and Jones, 1995). Plant steroids have 
been reported to possess various important medicinal, pharmacological and agrochemical 
properties such as sex hormones, anthelminthic, antibacterial, hepatoprotective, 
immunosuppressive, cytotoxic, anti-tumour, plant growth hormone regulator and cardiotonic 
activity among others (Patel and Savjani, 2015).  
 
 
Figure 2.7. Chemical structure of alkaloids (Source: New world encyclopedia 




Figure 2.8. Chemical structure of sterol (Source: Segura et al., 2006) 
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Figure 2.9. Rings of tannins (Source: Ghosh, 2015) 
 
2.9.3 Tannins 
Bhatta et al. (2009) and Animut et al. (2008) confirmed that tannins inhibit methane production 
by suppressing methanogenesis directly through their anti-methanogenic activity and indirectly 
through their antiprotozoal activity. Tiemann et al. (2008) reported reduced methane output 
from ruminants fed legumes rich in condensed tannins, although the methane reduction has 
been attributed to low fibre digestibility. 
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Ramirez–Restropo and Barry (2005) reported that legumes containing condensed tannins such 
as Lotus corniculatus and Hedysarum coronarium promote growth rates in young sheep and 
deer in the presence of internal parasites and methane emission was noticeably reduced relative 
to animals on forages without tannins. Woodward et al. (2001) had a similar report of methane 
output reduction in Holstein cattle fed on Lotus pendunculatus compare to ryegrass silage diets; 
the addition of Acacia mearnsii (tannin-rich) to a diet of Lolium perenne brought about 13% 
reduction of methane production (Carulla et al., 2005). Gemeda and Hassen (2015) confirmed 
the claims that tannins-rich plants suppress methane production irrespective of the digestion 
and pattern of VFA production. Generally, the inclusion of tannin-rich sources in the daily diet 
can contribute to the prevention and treatment of various types of disease, which can be 
achieved by the radical scavenging and the antioxidant potential of tannins (Ghosh, 2015) 
2.9.4 Essential Oils 
These are volatile aromatic compounds with an oily appearance obtained from plants (Burt, 
2004). They are also called volatile oil or ethereal oil due to their volatility (Packiyasothy and 
Kyle, 2002). Essential oils can be found in all plant part (roots, stems, bark, leaves, fruits, and 
flowers) (Hirasa and Takemasa, 1998). Their concentration varies due to environmental factors 
to which the plants are exposed (Gershen et al., 2000) and the plant growth stage and health 
status (Dudareva et al., 2004). Essential oils have bactericidal and fungicidal properties 
(Cowan, 1999; Burt, 2004). 
Burt (2004) described the possible modes of action of essential oils against bacterial cells; 
essential oils have the ability to disrupt the cytoplasmic membrane either directly or by 
damaging the membrane proteins, leading to leakage of cytoplasmic constituents and depletion 
of proton motive force. Essential oils have also been reported for their ability to cause 
cytoplasmic coagulation and cell lysis (Burt, 2004). Chao et al. (2000) suggested that gram-
negative bacteria are less susceptible to essential oils than gram-positive bacteria.  
2.9.5. Flavonoids 
Flavonoids are polyphenols that are naturally occurring in many plant parts, they are distributed 
throughout the plant kingdom and are found in many fruits, nut, seeds, tea, vegetables and 
herbs, although their abundance differs with plant species and the plant part and they are usually 
concentrated in the leaves and flowers (Sak, 2014). The wide range of biological activity of 
this phytochemical such as antimicrobial (Oskoueian et al., 2013) and anticancer properties 
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(Sak, 2014) has made it to be one of the secondary metabolites of interest. Plant extracts rich 
in flavonoids has been reported to improve animal performance in various capacity (Tedesco 
et al., 2004; Balcells et al., 2012) and different flavonoids were able to mitigate the production 
of methane gas in an in vitro system without any adverse effect on overall rumen microbial 
fermentation (Oskoueian et al., 2013).  
2.10 Mode of Action of Phytochemicals as Antibiotics 
Generally, it has been well understood that antibiotics have a different mode of action use in 
inhibiting the growth of their target microbes. Shaikh et al. (2014) stated that there are five 
modes of actions of antibiotic which are: interfering with cell wall synthesis, inhibition of 
protein synthesis, interfering with nucleic acid synthesis, inhibition of a metabolic pathway and 
disorganizing the cell membrane. Carmen and Steven (2009) included the inhibition of 
synthesis of essential small molecules and indicated that there are some unknown effects 
(miscellaneous). There have been reports that plant extracts and their compounds are capable 
of performing some of these acts. Saponins are prominent phytochemical compound in plant 
extract which have been reported by Korchoweic et al. (2015) to have the ability to exert an 
effect on cell membrane permeability. Alkaloids have been reported by Atta-ur-Rahman and 
Choudary (1995) and Freiburghaus et al. (1996) to intercalate into the cell wall and DNA, 
which often lead to cell wall disruption. 
Some phenolic compounds interact with eukaryotic DNA (Hoult and Paya, 1996) while others 
bind to adhesins, complexing with the cell wall and inactivating enzymes (Toda et al. 1992; 
King and Tempesta, 2007).  Many other researchers have indicated that tannins can cause 
substrate deprivation; enzyme inhibition; metal ion complexation; act on microbial metabolism 
by oxidative phosphorylation and ultimately bind to protein (Haslam, 1996; Akiyamo et al., 
2001; Serrano et al., 2009; Payne et al., 2013), and that some terpenoids are also capable of 
membrane disruption (Cichewicz and Thorpe, 1996).  
Burt (2004), in their study, indicated that there are different possible modes of action of 
essential oils against bacterial cells. Essential oils could disrupt the cytoplasmic membrane 
either directly or indirectly by damaging the membrane proteins, leading to leakage of 
cytoplasmic constituents and depletion of proton motive force. The same author also reported 




Table 2.5. Some medicinal plants, their bioactive phytochemical compounds, and biological 
functions 
Plants Name Part used  Bioactive 
compounds 
Biological functions References  
Allium cepa Aerial part & 
bulb (bulb juice 
and dried bulb) 
Allicin, flavonoids, 






1, 7, 13 
Aloe species Leaves, gels  Anthraquinones 
Resins tannins 
Aloectin B, sterols 
Emollient, Astringent, 




1, 7, 8, 12, 
13 
Allium sativum Bulbs Allicin, organic 





1, 7, 8, 12 






1, 11, 12 
Ananas comosus Leaves and 
fruits 






1, 8, 13 







Camellia species Leaves  Xanthine, caffeine, 
theobromine, tannins 
Antibiotics, Astringent 1 





























































Antibiotics, Astringent 6 
Embilica 
officinale  
Fruits and leaves Tannins, volatile oils Astringent, antibiotics 1 
Castenea sativa Leaves and bark Plastoquinone, 





































1, 7, 12, 13 
Source: culled from; 1- Chevalier (1996) 2- Budiman et al. (2017), 3- Pereira et al. (2013), 4- 
Biswas et al. (2013), 5- Saini et al. (2016), 6- Almeida et al, (2012), 7- WHO (1999), 8- Ahmed 
et al. (2012), 9- WHO (2009), 10- Nakamura et al. (1999), 11- Shekar et al. (2014), 12- Ahmad 





Several strategies have been established in manipulating rumen fermentation towards improved 
production and mitigating methane emission. The use of antibiotics ionophore has been proven 
effective in ruminant husbandry. However, its ban in the EU and the various campaign for the 
need for an alternative to antibiotics use in livestock production have made its continuous use 
a concern. Also, the use of chemical additives and the risk of its residue in animal product with 
associated detrimental effect on the consumers' health had been identified. These and many 
more lead to the recent interest in the research exploring plants and plant extracts rich in 
secondary metabolites (phytochemicals) for their bioactivity. Some plant extracts containing 
tannins and saponins have been identified to have the ability to manipulate rumen fermentation 
positively while mitigating methane emission. However, more plants have to be screened to 
determine their potentials so that there will be various options to explore for use by ruminant 
















Screening of some medicinal plant extracts for antibacterial effects: A step towards 
natural feed additive formulation 
Abstract 
Microbial infection has become life-threatening because microbes develop resistance to most 
antimicrobial agents. Consequently, antibiotic resistance is evoking concerns even in animal 
production, where sub-therapeutic levels of antibiotics use in animal feeds make a major 
contribution.  Ethanolic extract of 22 plant materials was investigated for their ability to inhibit 
the growth of gram-positive (Staphylococcus aureus and Streptococcus faecalis) and gram-
negative (Escherichia coli and Salmonella typhimurium) bacteria using the disc diffusion and 
microdilution methods. Seventeen plant extracts displayed antibacterial activity against at least 
one of the bacterial strains. Zones of inhibitions ranged from 10.00±0.00 to 21.33±1.50 mm 
for the diffusion assay. The minimum inhibitory concentration (MIC) ranged from 0.391- 3.125 
mg ml-1. Escherichia coli was the least affected bacterial strains tested. Results of both assays 
revealed that plant extracts showed more antibacterial activity in the microdilution relative to 
the agar disc diffusion assay. This suggests that the disc diffusion method should be used along 
with the microdilution assay when testing bacterial susceptibility to plant extracts. Most of the 
selected plants have pronounced antibacterial effects on gram-positive bacteria. Thus, further 
studies are required to determine how to employ these antibacterial activities to manipulate 
rumen microbes towards efficient rumen fermentation. 
Keywords: Bacteria, plant extract, antibacterial agent, rumen microbes, disc diffusion, 
microdilution. 
3.1 Introduction  
Resistance of some pathogenic bacteria to existing antibiotics has become endemic (Guschin 
et al., 2015). Efficacy of antibiotics has been subdued and its effectiveness undermined due to 
constant exposure in sub-lethal concentrations to bacteria over a period of time (Burt and 
Reinder, 2003). Consequently, microbial infection has become a life-threatening issue in the 
world (WHO, 2018) demanding more proactive and pragmatic attempts to provide potent 
alternatives to curb this menace by microbes. Some medicinal plants possess extracts that are 
potential antimicrobial agents, or their parts contain substances usable for drugs synthesis or 
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disease treatment (Sofowora et al., 2013). Other options under exploration are microbial 
extracts (Berdy, 2005), honey (Oses et al., 2016) and marine microorganisms (Proksch et al., 
2003). 
Of more concerns are factors that lead to enormous clinical challenges in the treatment of 
infectious diseases (Lammie and Hughes, 2016). Among these are; sub-therapeutic levels of 
antibiotics used in animal feeds that eventually increase antibiotic resistant Escherichia coli 
and Salmonella species (FDA, 1978), indiscriminate use of antibiotics as growth promoters for 
animals, and wrongfully diagnosed diseases (Davies, 1994). The same cannot be said of 
medicinal plants. Although, medicinal plants and their derivatives have been used effectively 
in veterinary practice for prevention and treatment of several infections and diseases as 
antiparasitic, antibacterial and insecticidal agents (Escosteguy, 2014), their quality, quantity, 
efficacy and safety are not evidence-based (Cravotto et al., 2010). Hence, this absence of 
scientific authentication has affected the adoption of phytotherapy by field veterinarians, 
animal scientists and all related trained personnels (Phondani et al., 2010). 
The importance of microbial population present in the rumen of herbivores cannot be 
overemphasized; they aid ruminants to utilize plant fibre for growth and other body functions 
making them distinctive from other livestock (Hart et al., 2008). However, during microbial 
fermentation of fibrous feeds, an appreciable proportion of dietary nutrients are also converted 
to other end products like ammonia, hydrogen ad methane, which are not directly useful to the 
animal (Callaway et al., 2003). Methane production and emission cause economic loss; the 
amount of energy lost through the process may be up to 10% of gross energy intake or up to 
14% of digestible energy intake (Cottle et al., 2011). This emission also impacts on the climate 
as it contributes to global warming, with a global warming potential of 28 times that of carbon 
dioxide (IPCC, 2014). 
To abate methane production and improve the efficiency of rumen fermentation by ruminal 
microbes, various approaches have been proposed. Bypass protein, urea-molasses block, feed 
additives and antibiotics are some proposed substances (Leng. 1991). Antibiotics (ionophores) 
were most commonly used in ruminant production with huge improvement. For example, 
antibiotics would improve feed efficiency (Callaway et al., 2003) and reduce methane 
production (Mbanzamihigo et al., 1996; Neto et al., 2009). Despite its success, several issues 
have emerged from the use of antibiotics (ionophores) as rumen manipulator in ruminant 
production and the most important of all these is antibiotic resistance, which is of utmost 
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concern in human (consumers of animal product) health (Lammie and Hughes, 2016).  The 
objective was to evaluate the antibacterial activity of some selected medicinal plant species on 
Staphylococcus aureus, Streptococcus faecalis, Escherichia coli and Salmonella typhimurium 
bacteria. It was hypothesized that selected medicinal plant extracts have antibacterial activity 
against gram-positive and gram-negative bacteria. 
3.2 Materials and methods 
3.2.1 Collection of plant materials  
Plants used in this study (Table 3.1) were selected based on previous report of their nematocidal 
activities in ruminants by some researchers in this research group (Fomum 2018; Ahmed et al., 
2012) and also evidenced by other literature and WHO documentation of medicinal plants 
(WHO monographs of medicinal plants). They were collected from (1) University of KwaZulu-
Natal botanical garden, Pietermaritzburg with geographical coordinates 29o37’S and 30o24’E 
at an altitude of 659m and mean annual rainfall of 695mm; (2) Ukulinga research farm of 
University of KwaZulu-Natal (UKZN), Pietermaritzburg South Africa, with 29o39’S and 
30o24’E at an altitude of 700m and mean annual rainfall of 735mm. It is important to note that 
all plant materials collected from the botanical garden and Ukulinga research farm were 
properly managed and they were provided irrigation during the dry season.   Allium sativum 
L., Zingiber officinale Roscoe and Allium cepa L. samples were purchased from commercial 
supermarket while Persea Americana Mill., Vernonia amygdalina Delile, Carya illinoinensis 
(Wangenh) K.Koch shell and Psidium guajava L. leaves were collected from private residences 
around UKZN, Pietermaritzburg, South Africa. All plants used were properly identified and 
confirmed at the Department of Botany, University of KwaZulu-Natal, Pietermaritzburg, South 
Africa.  
3.2.2 Preparation of plant extracts 
Plant parts were collected, washed immediately with tap water, cut into small pieces, air-dried 
and then oven-dried (LABCON oven EFDO, Chamdor, South Africa) at 40 oC for 5-7 days 
depending on the moisture content of individual plant material. Oven-dried samples were each 
milled into a fine/smooth powder using an electric blender (RETSCH, GmbH& co. ZM 200, 
Haan, Germany) fitted with 1mm diameter sieve. Powdered samples were preserved away from 
light at room temperature in different well labelled airtight plastic containers. 
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Ten (10) grams of the powdered sample was boiled in 100 ml of 80% ethanol (solvent) for 24 
hours in a soxhlet apparatus. Each extract was then transferred into a beaker and placed in a 
water bath at 60 oC to concentrate to dryness. Dried extracts were stored in well labelled airtight 
glass bottles and kept at room temperature until required for screening. The dried plant extract 
was reconstituted in 80% ethanol (the extracting solvent) to bring about the required 
concentration needed for a particular assay. 
Table 3.1. List of plant species evaluated for their antibacterial activity 
Scientific names of plant 
species 
Common name Family name Part used 
Acacia nilotica L. Gum Arabic Fabaceae  Leaves 
Acacia nilotica L. Gum Arabic (pod) Fabaceae  Pods with seeds 
Acacia sieberiana DC. Paperbark Fabaceae Leaves  
Allium cepa L. Onions  Liliaceae  Bulbs  
Allium sativum L. Garlic  Liliaceae  Bulbs  
Aloe ferox Mill. Aloe  Asphodelaceae  Leaves  
Ananas comosus (L) Merr. Pineapple  Bromeliaceae  Leaves  
Camellia japonica L. Tea  Theaceae  Leaves  
Carica papaya L. Pawpaw  Caricaceae Leaves  
Carya illinoinensis 
(Wangenh) K. Koch 
Pecan  Juglandaceae  Kernel shell 
Cichorium intybus L. Chicory  Asteraceae  Leaves  
Citrus limon (L.) Osbeck Lemon  Rutaceae  Leaves  
Coffea arabica L. coffee  Rubiaceae  Leaves  
Ficus benjamina L. Weeping fig Moraceae Leaves  
Ficus natalensis Hochst. Natal fig  Moraceae Leaves 
Moringa oleifera Lam. Drumstick Moringaceae  Leaves 
Morus nigra L. Mulberry Moraceae  Leaves 
Persea americana Mill. Avocado  Lauraceae  Leaves 
Psidium guajava L. Guava  Myrtaceae Leaves 
Tulbaghia violacea Harv. Society garlic Alliaceae  Whole plant 
Vernonia amygdalina Delile Bitter leaf Asteraceae  Leaves 




3.2.3 In vitro antibacterial screening of plant extracts using diffusion method 
3.2.3.1 Test microorganisms and microbial inoculum 
Two (2) gram-positive (Staphylococcus aureus and Streptococcus faecalis) and two gram-
negative (Salmonella typhimurium and Escherichia coli) bacteria maintained on nutrient agar 
were supplied by the culture collection of the Department of Microbiology, University of 
KwaZulu-Natal, Pietermaritzburg, South Africa. These bacterial isolates were separately 
cultured on Mueller-Hinton Agar at 37 oC for 24 hours and two-four colonies from each 
bacterium were taken from the agar plate and inoculated into a test tube containing sterile 
distilled water and maintained at 4oC. The turbidity of the bacterial suspension was fine-tuned 
to 0.1±0.01 using a spectrophotometer at 625 nm that is equivalent to 0.5 McFarland (1 × 106 
cfu ml-1) turbidity standard using a Nanodrop (ND-1000 UV-Vis Spectrophotometer, Thermo 
Fisher Scientific, Wilmington, USA).  
3.2.3.2 Agar disc diffusion method 
Antimicrobial activities of plant extracts on test organisms were screened using the agar disc 
diffusion method (Heartley, 1944), later called Bauer Kirby method of antibiotic susceptibility 
test as described by Balouiri et al. (2016). Nutrient agar (Biolab, Modderfontein, South Africa) 
was prepared according to the manufacturer’s instructions. 
A 9mm diameter plain sterile filter paper disc was impregnated with the test compound (the 
plant extracts), that has been reconstituted to a concentration of 200 mg ml-1. The filter paper 
disc was placed on a plain petri dish and a volume of 50 µl of the reconstituted plant extract 
was micro-pipetted and placed on the disc to have a final concentration of 10 mg disc-1. A 
standard antibiotic, Neomycin stock (Sigma-Aldrich, Saint Louis, USA), prepared to have a 
concentration of 1 mg ml-1 and a final concentration of 25 µg disc-1, was used as a positive 
control. The negative control (80% ethanol at 50 µl disc-1) was impregnated into the disc and 
were allowed to air-dry. There were 24 treatments (22 plant extracts, one positive and one 
negative controls). 
In quantities of 200 µl, the inoculum suspension was spread uniformly on a solidified 20 ml 
nutrient agar in a petri dish and allowed to dry for 10 minutes. Thereafter, impregnated 9mm 
diameter discs were placed on the inoculated nutrient agar plates (four treatments per Petri 
dish), and the petri dish was then incubated at 37 oC for 24 hours. This bioassay was performed 
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in triplicates, and the experiment was repeated twice. The resulting inhibition zone was 
measured in millimetre (mm) immediately after 24hours of incubation.  
3.2.4 Antibacterial activity of plant extracts using micro-dilution assay  
3.2.4.1 Determination of Minimum inhibitory concentration (MIC) 
Minimum inhibitory concentration (MIC) was determined for all plant extracts, a positive 
control (Neomycin) and negative control (80% ethanol) against the test microorganisms 
(bacteria). MIC was determined using the microtitre bioassay method (Eloff, 1998a) as 
described by Chukwujekwu and Van Staden (2016). A dilution series of the 22 plant extracts, 
the standard antibiotic (Neomycin) and negative control were prepared in two-fold dilution and 
100µl from each dilution was transferred into a 96-well micro titration plate. Bacterial strains 
were cultured overnight at 37°C on MHB and adjusted to a final density of 106 cfu ml-1 (0.5 
McFarland scale) with sterile MHB. Then, each well was inoculated with 100 µl of microbial 
inoculum (broth cultured test organisms). The content in the well was mixed and the micro 
titration plate was incubated at 37oC for 24 hours. Thereafter, 40 µl of 0.2 mg ml-1 effective 
growth indicator dye, p-iodonitro tetrazolium violet (INT; Sigma-Aldrich, Sigma Chemical 
Co., Steinheim, Germany) was added to each well and incubated at 37 oC for 30 minutes. 
Bacteria growth in the wells was indicated by the development of reddish colour, while clear 
wells with INT after incubation were considered as bacteria growth inhibition by the test 
compound (plant extracts). MIC was considered as the lowest concentration of the sample that 
completely inhibited bacterial growth (clear wells). The assay was replicated four times. 
3.2.5 Experimental design and statistical analysis 
Twenty-two plants extracts were tested for antibacterial activity on four strains of bacterial 
isolates (two gram-positive and two gram-negative) in triplicates of two separate runs using 
the diffusion method. All plant extracts were subjected to the dilution method using the same 
bacteria strains. MIC obtained were presented in mg ml-1 and values were translated to plant 
material antibacterial activity according to Moyo et al. (2011) and Eloff (2001). The MIC 
values found does not actually relate to the exact antibacterial activity of the plant material 
itself, hence, to get the actual antibacterial activity of the raw dry plant materials the 
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𝑀𝐼𝐶 𝑣𝑎𝑙𝑢𝑒 (𝑚𝑔/𝑚𝑙)
 
 Result from the diffusion method (diameter of zones of inhibition) were analysed using the 
general linear model (GLM) procedure of SAS (SAS, 2014). Results are presented as means 
value ± standard deviation (SD) of zones of inhibition.  
3.3 Results 
3.3.1 Plant extract yield 
The percentage yield of plant extracts ranged from 63.5% (Carica papaya) to 21.3% (Ananas 
comosus), which had varied physical nature (Table 3.2).  
3.3.2 Antibacterial activity of plant extracts  
3.3.2.1 Diffusion method with diameter of inhibition  
Results of the agar disc diffusion method was as presented in Table 3.3, which shows that S. 
aureus is the most sensitive of all the bacterial strains followed by S. faecalis while E. coli was 
the least sensitive to plant extracts investigated. Seventeen (17) plant extracts display 
antibacterial activity against one or more of the bacterial strains. Acacia nilotica plant part 
extracts, Psidium guajava, Camellia japonica and Vernonia amygdalina produced outstanding 
activity with diameter of zones of inhibition greater than 17mm. The other 12 plant extracts 
showed moderate to low antibacterial activity. 
For S. faecalis, the diameters of the inhibition zone for Neomycin and Acacia nilotica leave 
extract were 15.33±1.03mm and 14.50±1.37mm, respectively. For Staphylococcus aureus, the 
diameter of the inhibition zone for Neomycin and Acacia nilotica pod extract were 






Table 3.2. Ethanolic extract yield of dried plant parts 
Plants Extract 
yield (%) 
Physical nature of 
the extract 
Acacia nilotica 31.3 Granular 
Acacia nilotica pod 38.0 Granular 
Acacia sieberiana 41.2 Viscous 
Allium cepa 62.5 Viscous 
Allium sativum 24.3 Viscous 
Aloe ferox 22.2 Viscous 
Ananas comosus 21.3 Viscous 
Camellia japonica 30.0 Granular 
Carica papaya 63.5 Viscous 
Carya illinoinensis 49.5 Granular 
Cichorium intybus 27.6 Granular 
Citrus limon 46.0 Viscous 
Coffea arabica 47.4 Viscous 
Ficus benjamina 40.5 Semi-solid 
Ficus natalensis 25.5 Viscous 
Moringa oleifera 32.7 Granular 
Morus nigra 32.0 Viscous 
Persea Americana 44.6 Semi-solid 
Psidium guajava 29.8 Granular 
Tulbaghia violacea 50.5 Viscous 
Vernonia amygdalina 26.7 Granular 








Table 3.3. Antibacterial activity of the selected plants extracts against the bacteria strains 
(Diffusion method) 
 Bacteria strains & diameter of inhibition zone (mm) 
 Gram positives                                    Gram negatives 
Plant species S. faecalis S. aureus S. typhimurium E. coli 
Acacia nilotica 14.50±1.37 18.83±1.16 15.33±2.33 11.50±0.83 
Acacia nilotica (pod) 12.83±0.98 21.33±1.50 18.33±2.16 11.83±0.75 
Acacia sieberiana 0 12.50±1.22 0 0 
Allium cepa 0 0 0 0 
Allium sativum 0 0 0 0 
Aloe ferox 0 11.00±1.54 0 0 
Ananas comosus 0 11.00±1.54 0 0 
Camellia japonica 0 18.66±1.03 0 0 
Carica papaya 0 0 0 0 
Carya illinoinensis 10.33±0.51 14.33±1.21 0 0 
Cichorium intybus 0 11.66±0.81 10.50±0.54 0 
Citrus limon 0 11.00±0.89 0 0 
Coffea arabica 0 11.00±0.89 0 0 
Ficus benjamina 11.83±0.98 13.16±1.72 0 0 
Ficus natalensis 0 12.33±1.86 0 0 
Moringa oleifera 0 0 0 0 
Morus nigra 0 11.00±1.54 0 0 
Persea Americana 10.33±0.51 10.16±0.40 0 0 
Psidium guajava 12.33±1.21 19.00±1.26 0 0 
Tulbaghia violacea 0 0 0 0 
Vernonia amygdalina 0 17.33±1.50 0 0 
Zingiber officinale 0 10.00±0.00 0 0 
Neomycin 15.33±1.03 24.83±0.40 19.83±1.60 20.16±0.75 






Table 3.4. Minimum inhibitory concentration (MIC in mg ml-1) of plant extracts on bacteria 
Plants species Sa Sf Ec St 
Acacia nilotica 1.563 1.563 1.563 0.391 
Acacia nilotica (pod) 0.781 1.563 1.563 0.391 
Acacia sieberiana 3.125 0.781 - 3.125 
Allium cepa 1.563 3.125 - 0.391 
Allium sativum - - - 1.563 
Aloe ferox 0.391 3.125 - 1.563 
Ananas comosus 3.125 - - 1.563 
Camellia japonica 1.563 3.125 - 0.781 
Carica papaya - - - 1.563 
Carya illinoinensis 0.391 1.563 - 0.781 
Cichorium intybus 3.125 3.125 - 0.781 
Citrus limon - 3.125 - 3.125 
Coffea arabica - - - 3.125 
Ficus benjamina 3.125 3.125 - 1.563 
Ficus natalensis - 3.125 - 3.125 
Moringa oleifera 3.125 1.563 - 1.563 
Morus nigra 3.125 3.125 - 3.125 
Persea Americana 3.125 - - 1.563 
Psidium guajava 0.781 1.563 - 0.781 
Tulbaghia violacea 3.125 6.25 - 3.125 
Vernonia amygdalina 1.563 1.563 - 1.563 
Zingiber officinale 3.125 - - 3.125 
Neomycin 0.0016 0.0063 0.025 0.0016 
Sa- Staphylococcus aureus, Sf- Streptococcus faecalis, Ec- Escherichia coli, St- Salmonella typhimurium       
      
3.3.2.2 Dilution method with minimum inhibitory concentration (MIC) 
Table 3.4 displayed the MIC of plant extracts against the test bacteria. Result showed that all 
plant extracts had antibacterial activity against one or more of the bacterial strains. Unlike the 
diffusion method, the most sensitive bacteria strain was S. typhimurium with MIC ranging 
between 0.391-3.125 mg ml-1 while E. coli was the most resistant strain. Likewise, in the 





Other plant extracts showed varied activities ranging from 200.25 ml g-1 (A. nilotica) to71.04 
ml g-1 (A. ferox) while T. violacea, Z. officinale, P. Americana, C. arabica, C. papaya, A. 
comosus and A. sativum were not active against S. faecalis. E. coli was resistant to all plant 
extracts except A. nilotica leaves and pods where activities were 200.25 ml g-1 and 243.12 ml 
g-1, respectively. A. cepa showed an overwhelming activity of 1598.46 ml g-1 against S. 
typhimurium, and all other extracts showed activity below 1000 ml g-1. C. papaya, which was 
not active against the other three bacterial strains, showed activity as high as 406.26 ml g-1 
against S. typhimurium.  
3.4 Discussion 
These findings revealed that the antibacterial activity of these extracts are plant species 
dependent. Various plant extracts exhibited varying levels of sensitivity towards tested bacteria 
species. It is noteworthy that antibacterial efficacy is not only plant species dependent but also 
dependent on the bacterial strain tested. This agreed with the observation of Obeidat et al. 
(2012) that test microorganisms play an important role in the antimicrobial efficacy of plant 
extracts. Chukwujekwu and Van Staden (2016) also reported that the antibacterial activity of 
plant extracts depends on bacteria strains. Out of all bacterial strains, E. coli exhibited the 
highest form of resistance against all plant extracts in the two assays used except for A. nilotica 
leaves and pod extracts. Acacia nilotica leaves, and pod extracts inhibited all bacteria strains 
tested but at different levels.  A. sativum, C. arabica and C. papaya also inhibited the growth 
of only S. typhimurium, while other plant extracts inhibited two or more strains. 
Some studies (Vlietinck et al., 1995; Rabe and Van Staden, 1997; Nostro et al., 2000) reported 
the resistance of gram-negative bacteria relative to gram-positive bacteria against plant 
extracts. The choice of gram positive and gram negative bacteria strains tested in this study 
was based on the rumen bacteria gram nature. This resistance of gram-negative bacteria 
towards antibacterial agents has been associated with bacteria possessing an outer membrane 
comprising of a bilayer of phospholipids and lipopolysaccharides (Worthington and Melander, 
2013), which restrict the penetration of many antibacterial agents into the cell, thereby 
preventing antibacterial agents from reaching their intercellular targets, unlike the porous 
peptidoglycan layer found in the gram-positive bacteria, which is more accessible to 
permeation by plant extracts (Burt, 2004). Whereas, in this study, all the plant extracts were 
able to inhibit the growth of S. typhimurium, a gram-negative bacterium. 
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A. nilotica plant parts antibacterial activity agreed with the observation of Shekar et al. (2015) 
and Sserunkuma et al. (2017), who reported that the extract of A. nilotica inhibited the growth 
of all the bacterial strains tested in their studies. Kalaivani and Mathew (2010) also reported 
that A. nilotica had high antibacterial activity against E. coli, S. aureus and S. typhi. Acacia 
nilotica plant extract has been reported for their bioactive phytochemicals, tannins and 
alkaloids, which may explain this hyperactivity against bacterial strains (Okoro et al., 2014). 
All these compounds have also been indicated to inhibit bacterial growth (Payne et al., 2013).  
Psidium guajava exhibited a very strong antibacterial activity against the gram-positive 
bacteria tested in the diffusion assay, and its activity was high against all bacteria tested except 
for E. coli in the dilution assay. In accordance with Biswas et al., (2013) and Nascimento et al. 
(2000), P. guajava inhibited the growth of gram-positive bacteria. Conversely, Chanda and 
Kaneria (2011) reported that the extract of P. guajava was able to inhibit the growth of both 
the gram-positive and gram-negative bacteria evaluated in their study.  
The antibacterial activity of A. cepa, A. sativum and Z. officinale extracts was evaluated by 
Yousufi (2012) and reported that the three extracts inhibited the growth of all bacteria strains 
studied. The variation in their result with the present work may be due to differences in the 
extraction method and concentration level. Amin and Kapadnis (2005) reported the inactivation 
of antimicrobial substance in heat-treated extracts of A. cepa and A. sativum compared to heat-
free fresh extracts, indicating that the active compound in these extracts are likely not heat 
stable. 
Carica papaya leaf extract has been reported (Anibijuwon and Udeze, 2009; Alabi et al., 2012; 
Ocloo et al., 2012; Aruljothi et al., 2014) to exhibit broad-spectrum antibacterial activity but 
surprisingly, it was not active against any of the bacterial strains used in the diffusion assay. 
Interestingly, the antibacterial activity reported for this plant extract by Alabi et al. (2012) and 
Aruljothi et al. (2014) was at a higher concentration compared to the 10 mg disc-1 used in this 
study. They reported no antibacterial activity at 50 mg ml-1 and 25 mg ml-1 well-1, respectively, 
for all tested bacteria, while activity was recorded at higher concentrations. This indicates that 
at higher concentrations, C. papaya extract might exert activity against these tested bacteria. 
The only antibacterial activity observed in this study was against a gram-negative S. 
typhimurium. This is supported by research (Nirosha and Mangalanayaki, 2013; Aruljothi et 
al., 2014) that gram-negative bacteria are more susceptible to the extract of C. papaya leaf. 
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Cestic et al. (2016) reported a strong activity for aqueous extract of Morus nigra L. against 
gram positive and gram-negative bacteria, which included the most resistant E. coli, with MIC 
ranging 0.039-0.1563 mg ml-1. In the present study, all tested bacteria were sensitive to the 
ethanolic extract of M. nigra except E. coli but at a higher concentration. Differences in the 
extraction solvent could be responsible for the possible variation in these results. The efficacy 
of plant extract is extraction solvent dependent (Eloff, 1998b; Obeidat et al., 2012). 
Pecan nutshell (C. illinoinensis) extract inhibited the growth of the two gram-positive bacteria 
and that of S. typhimurium, a gram-negative bacterium in the dilution assay. Caxambu et al. 
(2016) reported similar results with aqueous extract of this plant material against gram positive 
bacteria and some gram-negative bacteria such as Salmonella enteritidis and Pseudomonas 
aeruginosa; no activity was observed against E. coli as well. do Prado et al. (2014) also 
reported that pecan nutshell was able to inhibit the growth of gram-positive bacteria, but gram 
negative bacteria were resistant. This variation may be related to the different origin of the 
plant material and the extraction method used. Similarly, the leaf extract of Cichorium intybus 
exhibited strong antibacterial activity against S. typhimurium but was able to inhibit the growth 
of other bacteria strain except the resistant E. coli, whereas E. coli was sensitive to the 
methanolic and acetone extract of Cichorium intybus leaf extract (Verma et al., 2013).  
Results obtained with both agar disc diffusion and micro dilution methods revealed that more 
plant extracts showed antibacterial activity in the latter assay. The only consistent activity for 
the two methods was against E. coli. S. typhimurium was sensitive to only three plant extracts 
in the diffusion assay, whereas all plant extracts inhibited its growth at varying concentrations. 
S. typhimurium was the most sensitive of all microbial strains tested in the dilution assay. 
Variation in the sensitivity of these bacterial strains in the different methods employed can be 
explained from the diffusibility point of view. Wanger (2009) highlighted that due to specific 
physicochemical properties of the molecules in some antimicrobial agents, the disc diffusion 
method might not be suitable for detecting the susceptibility of microorganisms. Compounds 
that have high molecular weight will diffuse very slowly in agar (Oses et al., 2016) and this 
slow diffusion will result in poorly resolved concentration gradients around the disc 
impregnated with such compounds. This may not result in an inhibition zone or with smaller 




The inaccuracies of the disc diffusion method have also been explained (Burgess et al., 1999; 
Valgas et al., 2007) based on the filter paper disc context. The filter disc is the carrier of the 
antimicrobial agent made of cellulose, which is linked with glucose monomers, the free 
hydroxyl groups on the glucose residue make the surface of the disc hydrophilic (Braithwaite 
and Smith 1990). Compounds in plant extracts can be iono-genic i.e., it can be cationic or 
anionic in nature (Bart, 2011; Saini et al., 2016). Hence, if they are cationic, they are expected 
to adsorb to the surface of the disc and not diffuse into the agar. This will make a cationic 
compound that has good antibacterial activity not to display antibacterial activity in paper disc 
diffusion method, although apolar compounds would not be influenced by the hydroxyl groups 
on the surface of the disc and will diffuse easily (Valgas et al., 2007). Moreover, the potency 
of the antibacterial agent can be easily compromised, and a false resistance recorded when 
using the agar disc diffusion method. 
In the disc diffusion assay, all the tested bacterial strains were not sensitive to the extract of A. 
cepa, A. sativum, C. papaya, M. oleifera, and T. violacea, but they inhibit one or more bacteria 
in the dilution assay. A. cepa, however, demonstrated very strong activity against S. 
typhimurium in the dilution method. M. oleifera extract possesses cationic protein compounds 
that contains a net positive charge, which actively inhibits bacteria cells by interacting with 
microbial anionic lipid membranes (Saini et al., 2016). This may explain partly why M. oleifera 
extract failed to inhibit the growth of any bacteria in the disc diffusion method but inhibited 
the growth of three out of four bacteria tested. Rios and Recio (2005) affirmed that the use of 
the diffusion method is inadequate when dealing with non-polar extracts, and then proposed 
the use of solid dilution method for studying plant extracts or non-polar compounds. Whereas 
Rios et al. (1988), concluded that the liquid dilution method is the best way to establish the real 
potency of a pure compound. 
The actual activity of plant material was evaluated against each bacterium strain tested by 
translating the MIC value into total activity for each plant. This was proposed by Eloff (2000), 
representing the largest volume to which the biologically active compounds in one gram of 
plant material can be diluted and still inhibit the growth of a bacterium in question. This was 
not commonly determined, and to the best of our knowledge, the activity of plant material on 
individual bacterium strain was only reported by Eloff (2000; 2001).  Moyo et al. (2011) 
reported the total antibacterial activity of plant material on microorganisms tested by using 
bacteria with the lowest MIC value and the extract yield. These values allow for a meaningful 
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comparison of the efficiency of different plant materials against the tested bacteria (Figure 3.1-
3.4). For instance, these activities imply that the bioactive compounds present in one g of C. 
illinoinensis (dry pecan nutshell) would still inhibit the growth S. aureus when diluted to 1265 
ml (Figure 3.1).  
It was observed that most studies on antibacterial activity of plant extracts do not report their 
extract yield, and this was in line with the observation of Eloff (2000). Shekar et al. (2015) 
reported the extract yield of A. nilotica and P. guajava leaves to be 18.96 and 25.14%, 
respectively, which is lower relative to yields of these plants in this study. Many factors can be 
responsible for these differences in yield; these may include season of harvest, growth stage of 
the plant harvested and, most importantly, the geographical location. 
 Generally, the resistance of E. coli to most plant extracts evaluated can be explained based on 
their ability to synthesis tannase (TanBFnp), a tannin degrading enzyme that has been identified 
in fungi and some bacteria as an adaptive mechanism against phenolic stress (Tomas-Cortazar 
et al., 2018). Scalbert (1991) has also indicated that some microorganisms, such as E. coli, can 
grow in the presence of tannins and their monomers using them as a carbon source. 
3.5 Conclusions 
Most of the selected plants have a pronounced antibacterial effect on gram-positive bacteria.  
It is evident that A. nilotica plant extracts can be used as a natural broad-spectrum antibacterial 
for therapeutic purposes against pathogenic diseases of animals. Further studies are required to 
determine how best to employ these antibacterial activities to manipulate rumen microbes 










Evaluation of phytochemical composition and in vitro cytotoxicity of selected plant 
extracts with potential for development of feed additives for rumen modification 
Abstract 
The use of medicinal plants and their extracts as feed additives in ruminant diets has the 
potential to improve rumen metabolism and mitigate against enteric methane production 
through the effect of their phytochemicals. This study aimed to determine the phytochemical 
contents of some selected medicinal plant extracts that have antibacterial activity and to 
evaluate their safety on mammalian cells in vitro using a colorimetric cytotoxicity assay. 
Twenty-two ethanolic plant extracts were assessed, and the result showed that Psidium guajava 
had the highest concentration of alkaloids (219.06±11.50 mg/g). In contrast, Acacia nilotica 
leaf extract with 191.60±9.07 mg/g had the highest level of flavonoids. Vernonia amygdalina 
(79.84±1.35 mg/g) and Moringa oleifera (70.45±3.87 mg/g) contained more steroids than the 
other plant extracts while condensed tannin was highest in Carya illinoinensis (21.72±0.84 
mg/g). Coffea arabica, Acacia nilotica leaf, Vernonia amygdalina, Carya illinoinensis and 
Psidium guajava with 32.57±4.27, 31.68±2.75, 30.55±2.06, 30.18±3.59 and 30.13±2.86 mg/g 
extracts respectively, had more saponins than the other plant extracts. Crude fat was higher in 
Carica papaya (640.9±14.21 mg/g) and Acacia sieberiana (624.22±4.00 mg/g) leaf extracts, 
whereas Acacia nilotica pod extracts had the lowest concentration of 0.37±0.02 mg/g. 
Regarding the cytotoxicity evaluation, Allium cepa and Tulbaghia violacea with concentration 
killing 50% of cells (LC50) values of 0.5182±0.40 and 0.4909±0.034 mg/ml, respectively, were 
the safest of all the plant extracts. Acacia nilotica pod and Camelia japonica leaf extracts were 
the most cytotoxic with LC50 values of 0.0101±0.016 and 0.0151±0.005 mg/ml, respectively, 
which are well below the recommended toxic cut-off point (0.03 mg/ml).  The best selectivity 
index (SI) value of 1.061 was obtained with Aloe ferox against S. aureus, which is a Gram-
positive bacterium. Our findings provided evidence that most of the medicinal plant extracts 
evaluated were good sources of phytochemicals that have the potential to improve rumen 
efficiency towards reduced methane production. While the majority of plant extracts evaluated 
were relatively non-cytotoxic, the low SI values obtained for almost all the plant extracts 
indicate more significant cellular toxicity than activity. Further study is recommended to 
determine the effect of these plant extracts on in vitro rumen fermentation before employing 
them in vivo. 
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4.1 Introduction 
The importance of ruminant production to humanity cannot be over-emphasized, due to their 
significant contribution to animal protein sources in the form of milk, meat and other by-
products. However, for successful ruminant animal production, the science of rumen 
fermentation is invaluable. In ruminants, unproductive end-products such as methane, excess 
ammonia and heat have been identified as part of the inherent output of rumen fermentation, 
which leads to a significant loss of digestible nutrients (Callaway et al., 2003). Hence, animal 
nutritionists have realized that optimization of rumen efficiency is a goal for successful 
ruminant production. 
Over the years, different strategies of improving rumen fermentation have evolved, through 
feeding strategies (Beauchemin et al., 2008; Martin et al., 2010) to systematic strategies such 
as the use of urea blocks and defaunation, to the use of chemical additives and antimicrobial 
agents (Leng, 1991). All these strategies have been identified to have one or more setbacks in 
their adoption globally, ranging from cost implications, competition with man for grains used 
in concentrate formulation (Steinfeld and Opio, 2010), to toxicity of chemical residues in 
animal products, the “feed-to-food carry over” (Mantovani et al., 2010) and ultimately 
antibiotic resistance (Lammie and Hughes, 2016). Despite all the issues raised against these 
strategies, optimizing rumen fermentation towards improved production efficiency cannot be 
compromised especially in the tropics where these animals are produced mainly using poor 
roughage.  
Another smart approach to improving rumen efficiency is through mitigating rumen methane 
output by inhibiting methanogenesis within the rumen environment. Methane mitigation 
approaches that have been reported are; the use of ionophores (Callaway et al., 2003), oils 
(Beauchemin et al., 2008; Nur Atikah et al., 2018), direct-fed microbials (Jeyanathan et al., 
2014), halogenated agents (McCrabb, 2000), propionate enhancers (Martin and Streeter, 1995) 
and defaunation (Hegarty, 1999). The most successful and commercially accepted of all is that 
of ionophores such as monensin which itself is a macrolide antibiotic. Unfortunately, it tops 
the list of feed additives that are no longer permitted in the European Union (EC, 2005).     
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After prohibiting the use of growth promoting antibiotics in animal feeds in the European 
Union (EC, 2005), several other nations became skeptical about their use, based upon the 
concerns raised that their use may give rise to transmissible resistance factors that may 
compromise the therapeutic use of antibiotics in human beings (Casewell et al., 2003). This 
prohibition has led to an increased interest in the research area of alternative means of rumen 
manipulation. The main reason for using sub-therapeutic levels of antibiotics in ruminant 
production is to manipulate rumen fermentation to increase productivity by minimizing energy 
lost to methane production. One of the alternatives to antibiotics identified is the use of plant 
secondary metabolites or compounds (natural plant products/phytochemicals) (Greathead, 
2003; Seal et al., 2013).  
Some of these plant secondary metabolites responsible for plant protection against attacks of 
microbes, insects (Cowan, 1999; Iason, 2005) and herbivores (Marriott, 2000) are saponins, 
tannins, alkaloids, flavonoids, essential oils, glycosides among others, most of which are non-
nutritive but are functional (Marriott, 2000). They have been identified to have the potential to 
be used in ruminants and non-ruminants to manipulate their gut function. There have been 
several reports on the beneficial uses of these phytochemicals either as crude extracts, pure 
compounds or as dietary plants (forage) on ruminant performance in vivo and in vitro (Ramírez-
Restrepo et al., 2005; Hart et al., 2008; Akanmu and Hassen, 2018). 
Interestingly, with the inclusion of phytochemicals in ruminant rations in various forms, some 
of the approaches to improve rumen efficiency have been achieved (Animut et al., 2008). Kim 
et al. (2012) reported the ability of plant extracts to cause defaunation which eventually results 
in a decrease in methanogenesis (Bhatta et al., 2009). Overall improvement in animal 
performance was achieved with animals fed with condensed tannin-rich legumes (Ramírez-
Restrepo et al., 2005; Gemeda and Hassen, 2015). Addition of garlic, capsicum and some other 
plant extracts to feed in in vitro fermentation serves as a propionate enhancer (Cardozo et al., 
2005).  
Meanwhile, some of these phytochemical compounds may exhibit toxicity against animal cells 
(Greathead, 2003). The common belief that treatment with medicinal plants and their products 
is generally safe is a great misconception. Medicinal plants are known to contain 
pharmacologically active agents that in an overdose, may cause a harmful effect. For instance, 
an overdose of aqueous extract of garlic bulb becomes lethal in experimental rabbits (Mikail, 
2010). The existence of powerful natural poisons like atropine and nicotine in many plant 
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species indicates that the assumption that products from natural sources are safe is not true 
(Tanha, 2017). McGaw et al. (2014) also stated that almost any chemical substance is capable 
of becoming a toxin and this could be related to the quote of Paracelsus (father of toxicology), 
who said that “All things are poison, and nothing is without poison; only the dose makes a 
thing not a poison”. Hence, the need for toxicity evaluation of plant extracts before adoption 
as animal feed additive is appropriate. Cytotoxicity testing provides an initial indication of 
whether or not a substance is potentially toxic in vivo. 
Marriott (2000) indicated that incorporating knowledge from various fields into the research of 
medicinal plants is imperative to use an integrative approach to meet the challenges ahead or 
else some results in this area of science will be misinterpreted or directionally flawed. Given 
this, this study was conducted to evaluate and examine the phytochemical constituents and 
cytotoxicity activity of some selected medicinal plant extracts that have earlier been studied 
for their antibacterial activity by these authors (Chapter 3), which may have potential to be 
developed as feed additives in ruminants to improve their rumen efficiency. Hence, the 
hypothesis of this study is that medicinal plant extracts are rich in phytochemicals that have 
potential use in ruminant nutrition, and they are not cytotoxic to normal mammalian cells. 
4.2 Materials and methods 
4.2.1 Collection of Plant Material  
Plants used in this study (Table 4.1) were collected from the University of KwaZulu-Natal 
Botanical Garden, Pietermaritzburg with geographical coordinates 29o37’S and 30o24’E at an 
altitude of 659 m and mean annual rainfall of 695mm. Plants were also collected from Ukulinga 
research farm of the University of KwaZulu-Natal (UKZN), Pietermaritzburg, with coordinates  
29o39’S and 30o24’E at an altitude of 700 m and mean annual rainfall of 735 mm. Persea 
americana Mill., Vernonia amygdalina Delile, Carya illinoinensis (Wangenh) K.Koch and 
Psidium guajava L. were collected from private residences around UKZN, Pietermaritzburg. 
At the same time, Allium sativum L., Zingiber officinale Roscoe and Allium cepa L. samples 
were purchased from a commercial supermarket. All plant parts used were properly identified 
and confirmed with a botanist at the Department of Botany, University of KwaZulu-Natal, 
Pietermaritzburg.   
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4.2.2 Preparation of plant extracts 
Plant parts were collected and washed immediately with tap water, cut into small pieces, air-
dried. Then oven dried (LABCON oven EFDO type, Chamdor, South Africa) at 40oC for 5-7 
days depending on the moisture content of individual plant material.  
Table 4.1. List of plant species evaluated for their phytochemical content and cytotoxicity 
Scientific name Common name Family name Part used 
Acacia nilotica L. Gum Arabic Fabaceae  Leaves 
Acacia nilotica L. Gum Arabic (pod) Fabaceae  Pods with seeds 
Acacia sieberiana DC. Paperbark Fabaceae Leaves  
Allium cepa L. Onions  Liliaceae Bulbs  
Allium sativum L. Garlic  Liliaceae Bulbs  
Aloe ferox Mill. Aloe  Asphodelaceae  Leaves  
Ananas comosus (L) Merr. Pineapple  Bromeliaceae  Leaves  
Camellia japonica L. Tea  Theaceae  Leaves  
Carica papaya L. Pawpaw  Caricaceae Leaves  
Carya illinoinensis K.Koch Pecan  Juglandaceae  Kernel shell 
Cichorium intybus L. Chicory  Asteraceae  Leaves  
Citrus limon (L.) Osbeck Lemon  Rutaceae  Leaves  
Coffea arabica L. coffee  Rubiaceae  Leaves  
Ficus benjamina L. Weeping fig Moraceae Leaves  
Ficus natalensis Hochst. Natal fig  Moraceae Leaves 
Moringa oleifera Lam. Drumstick Moringaceae  Leaves 
Morus nigra L. Mulberry Moraceae  Leaves 
Persea Americana Mill. Avocado  Lauraceae  Leaves 
Psidium guajava L. Guava  Myrtaceae Leaves 
Tulbaghia violacea Harv. Wild garlic Alliaceae Whole plant 
Vernonia amygdalina Delile Bitter leaf Asteraceae  Leaves 
Zingiber officinale Roscoe Ginger  Zingiberceae Rhizomes  
 
The oven-dried plant materials were then milled into a fine powder using an electric blender 
(RETSCH, GmbH& co. ZM 200, Haan, Germany) fitted with a 1 mm diameter sieve. Powdered 
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samples of the plant materials were preserved in different well labelled airtight plastic 
containers and kept at room temperature. 
Powdered samples of each plant were extracted using 80% ethanol according to the method 
described by Ahmed et al. (2013). The extracts were left in a water bath to dryness. The dried 
extracts were stored in well-labelled airtight glass bottles and kept at room temperature until 
required for analysis. Plant extract yields were calculated using the following formula: 
𝑃𝑙𝑎𝑛𝑡 𝑐𝑟𝑢𝑑𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑝𝑙𝑎𝑛𝑡 𝑝𝑜𝑤𝑑𝑒𝑟𝑒𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑
 × 100 
4.2.3 Phytochemical analyses 
Phytochemical evaluation of the 22 medicinal plant extracts was done quantitatively. The total 
alkaloids, flavonoids, saponins, steroids and tannins equivalent to the standard used were 
determined and the crude fat proportions of these extracts were also determined using basic 
principles from Harborne (1984). 
Chemicals and reagents: 5% sodium nitrite, 10% aluminium chloride, one molar (1 M) sodium 
hydroxide, FeCl3, potassium ferricyanide, vanillin, hydrochloric acid, sulphuric acid, ethanol, 
10% acetic acid in ethanol, conc. and diluted ammonium hydroxide, and petroleum ether 
(Merck). Standards were quercetin, beta-sitosterol, catechin and diosgenin (Sigma-Aldrich, 
Saint Louis, USA). All chemicals and reagents were of analytical standard. 
Reconstitution of plant extracts:- the dried plant extracts were reconstituted in 80% ethanol (the 
extracting solvent) to 5 mg/ml and used for flavonoid, steroid, tannin, and saponin 
determinations.  
4.2.3.1 Estimation of flavonoids using Aluminium chloride 
In a 10 ml volumetric flask, one ml of plant extract (5 mg/ml) and 4 ml of distilled water were 
added. After 5 min, 0.3 ml of 5% sodium nitrite and 0.3 ml of 10% aluminium chloride was 
added. The solution was allowed to stand at room temperature for 6 min, and then 2 ml of 1M 
sodium hydroxide was added to the mixture. Immediately, the final volume in the volumetric 
flask was made up to 10 ml with distilled water. The absorbance of the mixture was then 
measured at 510 nm against a blank in a spectrophotometer (SHIMADZU UV-1800, 
SHIMADZU Corporation, Kyoto Japan). Quercetin was used as the standard and was serially 
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diluted to create a standard curve. Flavonoid contents were determined from the standard curve 
and expressed as quercetin equivalent (mg/g of plant extract). 
4.2.3.2 Estimation of steroids 
One ml of plant extract (5 mg/ml) was placed in a 10 ml volumetric flask. Two ml of 2M H2SO4 
and 2 ml FeCl3 (0.5%w/v) were added, followed by the addition of 0.5 ml of potassium 
ferricyanide solution (0.5%w/v). The mixture was heated in a wat 
er bath at 70oC for 30 min with occasional shaking and then diluted to make up 10ml with 
distilled water. The absorbance was measured at 780 nm against a blank in a spectrophotometer 
(SHIMADZU UV-1800, SHIMADZU Corporation, Kyoto Japan). The result was expressed as 
sitosterol equivalent (mg/g).   
4.2.3.3 Estimation of tannins using vanillin-sulphuric acid reagent  
Vanillin-sulphuric acid Reagent: this was prepared by mixing equal volumes of 8% 
hydrochloric acid in ethanol and 4% vanillin in ethanol. One ml of the plant extract was pipetted 
into a volumetric flask and 5 ml of vanillin hydrochloride reagent was quickly added into it. 
The mixture was read in a spectrophotometer (SHIMADZU UV-1800, SHIMADZU 
Corporation, Kyoto Japan) at 500 nm after 20 min. The spectrophotometer was blanked with 
vanillin hydrochloride reagent alone. Tannin contents were determined from the standard curve 
and expressed as catechin equivalent (mg/g of plant extract). 
4.2.3.4 Estimation of saponin 
One ml of plant extract (5 mg/ml) was diluted with 1ml of 80% ethanol, 2 ml of vanillin in 
ethanol (10% vanillin) was added and it was well mixed and then 2ml of 72% sulfuric acid was 
then added. The mixture was heated on a water bath at 60oC for 10 mins. Then the absorbance 
was measured at 544 nm in the spectrophotometer (SHIMADZU UV-1800, SHIMADZU 
Corporation, Kyoto Japan) against a blank. The result was expressed as diosgenin equivalent 
(mg/g).  
4.2.3.5 Estimation of total alkaloids  
Total alkaloids were determined as described by Edeoga et al. (2005). Briefly 5 ml of 10% 
acetic acid in ethanol was added to 2 ml (500 mg/ml) of plant extract, covered and allowed to 
stand for 30 min. The solution was then concentrated on a water bath to get half of its original 
62 
 
volume. Concentrated ammonium hydroxide was added in drops to the extract until 
precipitation was complete. The whole solution was allowed to settle, and supernatant was 
discarded, the precipitate was later washed with 20 ml of 1% ammonium hydroxide and then 
filter. The residue (alkaloid) was oven dried and weighed. The percentage of the alkaloid was 
expressed mathematically as:  
%𝑨𝒍𝒌𝒂𝒍𝒐𝒊𝒅 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑙𝑘𝑎𝑙𝑜𝑖𝑑
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑡 𝑒𝑥𝑡𝑟𝑎𝑐𝑡
× 100 
 which was then presented as mg/g plant extract. 
4.2.3.6 Estimation of lipids 
The crude fat and oils content of all the 22 plant extracts was extracted with petroleum ether in 
Soxhlet apparatus and it was refluxed for 4 hours. The crude fat and oil content of the plant 
extracts was presented in mg/g of the plant extract. 
4.2.4 In vitro cytotoxicity study  
All the 22 plant extracts were also subjected to cytotoxicity evaluation against African monkey 
kidney (Vero) cells using the MTT assay of Mosmann (1983) as described by Sserunkuma et 
al. (2017). 
Reagents: Minimum essential medium (MEM, Whitehead Scientific), foetal calf serum (FCS, 
Highveld Biological), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 
(Sigma), dimethyl sulfoxide (DMSO), and gentamicin (Virbac), doxorubicin hydrochloride 
(Pfizer Laboratories), phosphate buffered saline (PBS, Whitehead Scientific). 
Preparation of stock (plant extract): Reconstituted plant extracts prepared above were serially 
diluted individually in growth medium (MEM) at concentrations of 100, 75, 50, 25, 12.5 and 
7.5 µg/ml. 
4.2.4.1 Preparation of MTT and cell line culture 
MTT was dissolved in sterile PBS at room temperature shortly before use. It was then filter-
sterilized and stored in a dark container at 4oC. Vero cells were maintained in MEM 
supplemented with 0.1% gentamicin and 5% FCS. They were kept in a humidified 5% CO2 
incubator at 37oc for 24h until the cells reached confluence. 
63 
 
4.2.4.2 Determination of cytotoxicity 
Following trypsinization with trypsin-EDTA, cultured cells were distributed in 96 well 
microtitre plates at 1×104 cells in 100 µl per well; 200 µl MEM were added to blank wells. 
Plates were incubated for 24h at 37oC in a 5% CO2 incubator until the cells were in exponential 
phase of growth. After that, the growth medium was removed completely from the cells and 
was replaced with 200 µl of plant extracts at differing concentrations that were serially diluted 
(100-7.5 µg/ml) and doxorubicin (60-2 µM) (Pfizer Laboratories). All plates were incubated at 
37oC in a 5% CO2 incubator for 48 h. Each concentration for all plant extracts and the controls 
(positive and negative) were tested in triplicate. 
4.2.4.3 MTT Assay 
Cell viability was determined using the MTT assay as described by Mosmann (1983). After 48 
h of incubation, the culture medium in all the wells was removed from plates and replaced with 
100 µl of fresh culture medium. Ten µl of 5 mg/ml MTT in PBS was added into each well and 
then incubated for 3h at 37oC. The medium was carefully removed, the cells washed with 
phosphate buffered saline and fresh MEM added to the wells. After that, 50 µl of DMSO was 
added to each well to dissolve the formazan crystals and then incubated for 1h or until the 
formazan dissolved. The optical density (OD) was read at 570 nm on a microplate reader 
(BioTek Synergy, BioTek Instruments, Vermont USA) and the absorbance was recorded. 
4.2.5 Statistical Analysis 
Phytochemical content was analysed for all the plant extracts in duplicate. Results were 
determined from the standard curve plotted using Microsoft Excel. The phytochemical 
concentration in the plant extract, equivalent to the standards used were determined from the 
regression equation of the graph. The data obtained are presented as the mean ± standard 
deviation of the duplicate determinations. 
In the cytotoxicity assay, the percentage cell viability was calculated from the OD values using 
Microsoft Excel.  
%𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐴570 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
𝐴570 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠
× 100 
The results of the percentage cell viability were plotted against the logarithms of 
concentrations. The regression equation obtained from the graphs was used to calculate the 
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concentration of plant extract required to inhibit 50% of cell growth (LC50) which is defined as 
the concentration killing fifty percent of the cells. The LC50 result was then analysed using one-
way ANOVA, to obtain the mean and standard deviation and the means were separated using 
Student Newman Keuls (SNK) test. All analysis was done using SAS (version 9.4). The 
relationship of the LC50 with the phytochemicals determined was established by Pearson 
correlation, which was followed by multiple regression with LC50 as the dependent variable. 
Selectivity index (SI) was calculated using the minimum inhibitory concentration (MIC) data 
obtained from a previous study on these 22 plant extracts (Chapter 3) and LC50 obtained 
as: 𝑆𝐼 = 𝐿𝐶50 𝑀𝐼𝐶⁄  
4.3 Results 
4.3.1 Extract yield and quantitative phytochemical analyses 
The ethanolic extract yield of all the plant extracts was presented as the percentage of dry plant 
material extracted (Figure 4.1). The extract yield varied from 21.3% (Ananas comosus) to 
63.5% (Carica papaya). The results obtained from the quantitative phytochemical analysis of 
the selected plants in this study (Table 4.2) indicated that Psidium guajava leaf extract had the 
highest concentration of alkaloids 219.06±11.50 mg/g extract, while C. papaya had the lowest 
concentration, 28.91±2.69 mg/g extract. Carya illinoinensis, Tulbaghia violacea, Cichorium 
intybus, Moringa oleifera, Vernonia amygdalina and Morus nigra had considerably higher 
concentrations of alkaloids of 186.88, 182.66, 176.30, 171.11, 169.98 and 156.96 mg/g extract, 
respectively, when compared to other plant extracts analysed. 
The concentration of flavonoids in the plant extracts ranged from 31.95±1.75 mg/g (Allium 
sativum) to 191.60±9.07 mg/g (Acacia nilotica). Coffea arabica, Ficus benjamina, M. oleifera 
and P. guajava all had high concentrations of flavonoids in their ethanolic leaf extracts. Ficus 
natalensis (70.80±1.17 mg/g) in the same genus as F. benjamina (182.18±3.61 mg/g) had less 
than half of the latter’s flavonoid concentration, and this was also observed in their alkaloid 
concentrations with F. natalensis and F. benjamina having 52.59±2.28 and 103.61±4.40 mg/g, 





Table 4.2. Quantitative phytochemical content of the crude medicinal plant extracts (mean ± SD in mg/g extract) 
Plant species Alkaloids Flavonoids Steroids Tannins Saponin Crude fat 
Acacia nilotica (leaves) 132.36±2.46 191.60±9.07 44.89±0.35 3.11±0.38 31.68±2.75 19.94±5.57 
Acacia nilotica (pod) 95.51±1.29 138.63±1.88 25.84±1.44 2.82±1.16 29.01±1.35 0.37±0.02 
Acacia sieberiana 120.81±2.67 40.88±4.12 41.24±1.57 0.45±0.11 13.78±1.23 624.22±4.00 
Allium cepa 59.19±0.30 37.93±2.86 24.52±1.11 1.22±0.23 19.69±3.80 2.00±0.01 
Allium sativum 65.36±1.22 31.95±1.75 31.26±1.73 0.65±0.10 15.48±1.28 149.75±9.99 
Aloe ferox 72.82±3.77 117.58±4.08 46.91±0.78 4.08±0.22 28.19±0.77 273.5±15.43 
Ananas comosus 71.10±1.27 58.17±3.32 40.23±1.33 0.26±0.05 12.04±1.44 153.30±7.32 
Camellia japonica 136.01±17.53 105.54±9.67 44.36±0.82 11.70±1.74 22.08±1.56 233.45±2.28 
Carica papaya 28.91±2.69 35.76±1.05 28.69±1.31 1.53±0.51 15.70±3.63 640.9±14.21 
Carya illinoinensis 186.88±4.77 59.94±3.92 48.83±1.31 21.72±0.84 30.18±3.59 129.57±2.76 
Cichorium intybus 176.30±1.05 80.76±1.99 47.91±2.34 1.70±0.45 25.97±3.58 29.33±2.12 
Citrus limon 52.12±4.08 57.14±2.22 52.30±3.30 0.66±0.17 24.10±0.21 183.3±13.86 
Coffea arabica 79.46±1.51 190.51±1.80 47.68±1.20 3.60±0.39 32.57±4.27 388.67±4.07 
Ficus benjamina 103.61±4.40 182.18±3.61 36.44±1.98 11.85±2.40 27.54±1.56 215.37±6.49 
Ficus natalensis 52.59±2.28 70.80±1.17 57.39±1.97 0.95±0.23 28.71±2.14 573.55±4.44 
Moringa oleifera 171.11±3.36 152.24±1.32 70.45±3.87 0.71±0.02 27.27±1.90 112.81±0.61 
Morus nigra 156.96±7.29 83.66±3.36 68.00±2.35 1.34±0.20 20.46±1.53 377.1±17.43 
Persea Americana 112.10±10.68 138.62±0.95 39.25±1.51 2.09±0.14 28.22±1.00 277.68±8.91 










Tulbaghia violacea 182.66±6.29 53.68±3.08 59.23±0.63 1.89±0.04 29.94±0.95 42.98±5.73 
Vernonia amygdalina 169.98±23.74 133.70±1.89 79.84±1.35 3.33±0.79 30.55±2.06 188.0±38.99 




4.3.2 In vitro cytotoxicity of crude plant extracts 
The results of the in-vitro cytotoxicity study of the ethanolic extracts assayed was presented in 
Table 4.3 as the LC50. The LC50 values ranged from 0.0101±0.016-0.5182±0.408 mg/ml (for 
A. nilotica pod and A. cepa, respectively). 
Table 4.3. Cytotoxicity of crude plant extracts on monkey kidney cells LC50 (mean±SD 
mg/ml) 
Plant Species LC50 
Acacia nilotica (leaves) 0.0494±0.011cd 
Acacia nilotica (pod) 0.0101±0.016d 
Acacia sieberiana 0.0856±0.018cd 
Allium cepa 0.5182±0.408a 
Allium sativum 0.3266±0.175abcd 
Aloe ferox 0.4147±0.213ab 
Ananas comosus 0.1952±0.050bcd 
Camellia japonica 0.0151±0.005d 
Carica papaya 0.2707±0.071abcd 
Carya illinoinensis 0.1400±0.009bcd 
Cichorium intybus 0.2294±0.157abcd 
Citrus limon 0.1214±0.080bcd 
Coffea arabica 0.1478±0.009bcd 
Ficus benjamina 0.1406±0.032bcd 
Ficus natalensis 0.3616±0.130abc 
Moringa oleifera 0.2442±0.073abcd 
Morus nigra 0.0664±0.015cd 
Persea americana 0.1572±0.074bcd 
Psidium guajava 0.0481±0.006cd 
Tulbaghia violacea 0.4909±0.034a 
Vernonia amygdalina 0.0505±0.009cd 
Zingiber officinale 0.0983±0.024bcd 
Doxorubicin (µM) 2.0019±0.01 
P-value <0.0001 
RMSE 0.112 




Their toxicity levels were in the following order: A. nilotica (pod) > C. japonica > P. guajava 
> A. nilotica > V. amygdalina > M. nigra> A. sieberiana> Z. officinale > C. limon > C. 
illinoinensis > F. benjamina > C. arabica > P. Americana > A. comosus > C. intybus > M. 
oleifera > C. papaya > A. sativum > F. natalensis > A. ferox > T. violacea > A. cepa.  
Table 4.4. Pearson correlation of LC50 with the Phytochemicals 
 Alkaloid Flavonoid Steroid Tannin Saponin Crude fat 
 
LC50 -0.30011 -0.42478 -0.07899 -0.25117 -0.1118 -0.07188 
 
P-value 0.1748 0.0488 0.7268 0.2595 0.6204 0.7506 
 
All the phytochemicals showed negative correlation with LC50 (Table 4.4), but only flavonoid 
was statistically significant (p<0.05) and its coefficient of multiple determination is R2- 0.1804. 
Selectivity index value (Table 4.5) obtained from the ratio of LC50 and MIC range from 1.325 
(A. cepa against S. typhimurium) to 0.005 (C. japonica against S. faecalis). A. cepa and A. ferox 
has higher SI values for S. typhimurium (1.325) and S. aureus (1.061), respectively.  
4.4 Discussion 
The phytochemical content of 22 ethanolic plant extracts was evaluated quantitatively; 
flavonoids, tannins, saponins and steroids were estimated as equivalent of their standards, while 
alkaloids was determined as described by Edeoga et al. (2005) and lipid content of the plant 
extract was extracted using a Soxhlet apparatus. The results in Table 2, as expected, indicated 
that all plant extracts evaluated have varying proportions of phytochemicals. Medicinal plants 
are characterized based on their ability to synthesize a wide range of bioactive chemical 
substances or their precursors that can perform specific physiological functions (Sofowora et 
al., 2013). 
All the plant extracts studied had considerable quantities of all phytochemicals except for 
tannins and this can be explained from the method employed which basically analysed the 
condensed tannins (proanthocyanidin fraction) proportion, the solvent used for extracting and 




condensed tannins and even among those that produce these compounds, their concentration 
and chemical characteristics are highly variable.  
Table 4.5. Selectivity index value of the plant extracts 
Plants S. aureus S. faecalis  E. coli  S. typhimurium 
Acacia nilotica (leaves) *(1.563)0.032 (1.563)0.032 (1.563)0.032 (0.391)0.126 
Acacia nilotica (pod) (0.781)0.013 (1.563)0.006 (1.563)0.006 (0.391)0.026 
Acacia sieberiana (3.125)0.027 (0.781)0.110 na (3.125)0.027 
Allium cepa (1.563)0.332 (3.125)0.166 na (0.391)1.325 
Allium sativum Na Na na (1.563)0.209 
Aloe ferox (0.391)1.061 (3.125)0.133 na (1.563)0.265 
Ananas comosus (3.125)0.062 Na na (1.563)0.125 
Camellia japonica (1.563)0.010 (3.125)0.005 na (0.781)0.019 
Carica papaya Na Na na (1.563)0.173 
Carya illinoinensis (0.391)0.358 (1.563)0.090 na (0.781)0.179 
Cichorium intybus (3.125)0.073 (3.125)0.073 na (0.781)0.294 
Citrus limon Na (3.125)0.039 na (3.125)0.039 
Coffea Arabica Na Na na (3.125)0.047 
Ficus benjamina (3.125)0.045 (3.125)0.045 na (1.563)0.090 
Ficus natalensis Na (3.125)0.116 na (3.125)0.116 
Moringa oleifera (3.125)0.078 (1.563)0.156 na (1.563)0.156 
Morus nigra (3.125)0.021 (3.125)0.021 na (3.125)0.021 
Persea Americana (3.125)0.050 Na na (1.563)0.101 
Psidium guajava (0.781)0.063 (1.563)0.031 na (0.781)0.062 
Tulbaghia violacea (3.125)0.157 Na na (3.125)0.157 
Vernonia amygdalina (1.563)0.032 (1.563)0.032 na (1.563)0.032 
Zingiber officinale (3.125)0.031 Na na (3.125)0.031 
na- not applicable (MIC>3.125) 
*values in bracket are the MIC value used in calculating the selectivity index 
The same author also indicated that condensed tannins are of more importance when it comes 
to research related to animal-tannin interaction. However, their chemical structure and 




One of the major challenges with this area of study is comparing results with previous work 
due to large variations. Greathead (2003) stated that specific plant species produce 
phytochemicals, and their quantity and quality are varied within highly plant species and even 
within individual plants (plant parts). There are many factors responsible for the variations. 
Among these factors are geographical location, season of harvest and plant part (Marriott, 
2000), method of extraction (Azwanida, 2015), solvent use for extraction (Obeidat et al., 2012), 
physiological stage and herbivory exposure of each plant (Lindroth, 1989). All of these are key 
influencers of the phytochemical content of plant species (Marriott, 2000). 
Table 4.2 shows that all the plant extracts are good sources of phytochemicals which can be 
exploited for rumen fermentation manipulation towards improved productivity. Saponins have 
been acknowledged for their ability to improve rumen efficiency. Studies have shown that 
saponins and saponin-containing plant extracts inhibit methanogenesis, causes defaunation 
(Agarwal et al., 2006; Goel et al., 2008), favor microbial protein yield, lead to increase feed 
efficiency (Jayanegara et al., 2010), enhance propionate proportion of total VFA and eventually 
reduce methane production (Patra and Saxena, 2010). 
Plant tannins are well researched and their ability to decrease methane production in vitro and 
in vivo has been reported. Patra and Saxena (2010), stated that dietary tannins can reduce 
methane production directly and indirectly by inhibiting the activity of methanogenic 
organisms (archaea and protozoa) and reducing fibre degradation, respectively. Like saponins, 
tannins were able to enhance propionate production and decrease protozoa populations 
(Animut et al., 2008). Similarly, flavonoids have been well established to have strong 
antioxidant and anti-inflammatory effects in animal cells (Kim et al., 2004) thus improving the 
performance of farm animals (Olagaray and Bradford, 2019). The inclusion of flavonoids in 
the diet of ruminants decreased the incidence of acidosis, lowers the acetate: propionate ratio 
(Balcells et al., 2012), increases milk yield (Tedesco et al., 2004) and improves organic matter 
digestibility (Ma et al., 2017), suppress methane production and decrease the population of 
methanogens and protozoans (Oskoueian et al., 2013). 
Alkaloids are a group of structurally diverse phytochemicals which are responsible for the 
beneficial effect of most medicinal plants but also with potential harmful effects of poisoning 
(Cushnie et al., 2014). It has inspired the development of many drugs such as quinolones, 
metronidazole, linezolid and the likes (Cushnie et al., 2014). Alkaloids have also been reported 




alkaloids extracted from mesquite pod (Prosopis juliflora) was able to decrease methane 
production and acetate propionate ratio. Plant derived alkaloids enhance propionate 
concentration and increased crude protein degradation relative to the untreated group in vitro 
(Mickdam et al., 2016). Plant steroids, like other steroids, possess therapeutic activities such 
as anti-inflammatory, immune modulation, antibacterial, hepatoprotective, anthelmintic, 
growth-promoting among others (Patel and Savjani, 2015). Inclusion of plant steroids in the 
diets of ruminants has been reported to have some positive results on their production 
parameters such as improved milk yield in dairy cows (Jin, 2010). Reduced rumen ammonia 
nitrogen and lactate concentration with subsequent increase in microbial biomass yield and 
VFA production in vitro with the addition of plant steroids to the substrate have been observed 
in another study (Xi et al., 2014). Steroid metabolism linked with fat, vegetable fat and oils, 
has been reported to cause defaunation in the rumen environment without affecting bacteria 
count, improves dry matter degradation, and reduces methane production in vitro (Szumacher-
Strabel et al., 2004).  Nur Atikah et al. (2018) reported that addition of dietary vegetable oil in 
goat diets causes an increase in the concentration of total VFA and apparent digestibility of 
crude protein while reducing ammonia concentration. Beauchemin et al. (2008) also reported 
that inclusion of dietary lipids in the diet of ruminants reduced enteric methane emission.  
Apart from the effect of these phytochemicals on rumen metabolism, other beneficial effects 
reported in animals include improved immunity (Seal et al., 2013), milk yield (Jin, 2010), 
growth and overall animal performance (Ramírez-Restrepo et al., 2005). Generally, plants rich 
in phytochemicals have the potential of improving rumen metabolism and animal performance.  
Cellular cytotoxicity is an alteration of the basic cellular function which leads to cell damage 
that can be observed at a microscopic level (Cureño et al., 2017). Twenty-two plant extracts 
were evaluated for their cytotoxic activity on mammalian Vero cells. The result revealed that 
20 out of the 22 plant extracts were non-cytotoxic and exhibited LC50 values above the cut-off 
point of 0.03 mg/ml. According to the National Cancer Institute (NCI, USA) plant screening 
program, crude plant extracts are generally considered to be cytotoxic on normal cells in vitro, 
if the LC50 value after incubation for 48-72 hours is < 0.03 mg/ml (Fadeyi et al., 2013). The 
extract of Acacia nilotica pod was ranked as the most cytotoxic according to the result of this 
study with an LC50 value of 0.0101 mg/ml. Hussain and Hussain (2010) reported the strong 
cytotoxic activity of A. nilotica root extract against brine shrimp. In another study, the aqueous 




value of 0.0278 mg/ml (Sserunkuma et al., 2017). A. nilotica leaf extract used in this study had 
a LC50 value of 0.049 mg/ml which was above the cut-off point for cytotoxic crude extracts. 
This agreed with the findings of Sserunkuma et al. (2017) where LC50 values for water and 
acetone extract of A. nilotica leaf were 0.0688 and 0.2187 mg/ml, respectively. It can be 
deduced that only the leaf crude extract is deemed safe in this preliminary study, so other plant 
parts of A. nilotica should be employed with caution. 
Camellia japonica leaf extract was next to A. nilotica pod extract in cytotoxicity ranking with 
a LC50 0.0151 mg/ml and it is also below the cut-off point. Kuete et al. (2013) had a similar 
observation with the fruit extract of C. japonica having an LC50 below 10 µg/ml (0.01 mg/ml). 
Triterpenoids isolated from the stem bark extract of C. japonica also displayed cytotoxicity 
against different cell lines (Thao et al., 2010). Unlike C. japonica used in this study, Camellia 
sinensis, which is in the same genus, was reported to be inactive as an antiproliferative agent 
towards a panel of human cell lines (Lombardi et al., 2017). It was non-cytotoxic against 
normal lymphocytes (Varalakshmi et al., 2011) and normal mouse fibroblast cell lines in 
another study (Esghaei et al., 2018).  
Its worldwide acceptance indicates the level of safety of Allium cepa as a spice in food, and no 
adverse reaction to its use has been reported (WHO, 1999). The result of the present study also 
confirms the safety of its extract on mammalian cells. A. cepa bulb extract was ranked as the 
safest of all the medicinal plant evaluated in this study with LC50 value of 0.5182±0.408 mg/ml. 
Its safety was also acknowledged by Shrivastava and Ganesh (2010), who reported that A. cepa 
exhibited a significant activity as cytoprotective agent on normal lymphocyte cells whereas it 
shows better tumor inhibition on melanoma tumor cells. Tulbaghia violacea followed A. cepa 
on the safety side with LC50 very well above the cut-off point (0.4909±0.034 mg/ml). There is 
contradiction between the findings of this study and that of Olorunnisola et al. (2011), who 
reported a significant lethality of the extract of T. violacea rhizomes on brine shrimp but this 
is most likely a result of different toxicity expressed against a crustacean model and a 
mammalian cell line. All the other plant extracts had LC50 values above the cytotoxic cut-off 
point but in vivo testing in animal models is necessary to confirm their lack of toxicity, 
conclusively.  
The reduction in cell vigour caused by an increase in concentration of plant extract is an 
indication that with overdose, most of the plant extracts can become cytotoxic. Tamokou and 




identified to be potentially toxic. So many factors are responsible for the toxicity of plant 
compounds and they include concentration used, duration of use and route of exposure among 
others (McGaw et al., 2014).  
Using the LC50 cut-off point alone to determine the cellular toxicity of plant extracts may not 
fully depict their true cytotoxicity. Almost all the plant extracts studied had SI values below 
one against all the bacteria species except A. cepa against S. typhimurium and A. ferox against 
S. aureus, which is an indication that they generally lack selectivity. This lack of selectivity 
implies that these plant extracts are more cytotoxic than they are antibacterial, which can lead 
to the destruction of healthy cells and tissue. There are reports that some plant extracts contain 
phytochemicals that are cytotoxic or even genotoxic, which often target cellular processes, for 
example, methylazoxymethanol, which is an alkaloid from cycad seed (Kisby et al., 2011).  
The best selectivity index (SI) values of 1.325 and 1.061 were obtained with A. cepa against S. 
typhimurium and A. ferox against S. aureus, respectively. It is well established that over 80% 
of bacteria in the rumen are Gram-negative, and the methane-producing archaea are Gram-
positive (Nagaraja, 2016). Therefore, plant extracts with better SI values on Gram-positive 
bacteria are expected to be good potential candidates for rumen fermentation improvement. 
Hence, for this study, the most promising plant extract is A. ferox with SI value of 1.061, 
obtained against S. aureus, a Gram-positive bacterium.  
The LC50 result were related to the phytochemicals determined. All the phytochemicals 
determined had the same trend of being negatively correlated to the LC50. This relationship was 
not significant (p >0.05) with all of them except for flavonoid (p < 0.05) content. The negative 
correlation implies that an increase in the concentration of flavonoids causes a decrease in LC50, 
and the lower the LC50, the more toxic the test compound (plant extract). This result was in 
resonance with the findings of Matsuo et al. (2005) in their study on the cytotoxicity of different 
flavonoids on normal human cells where they concluded that some flavonoids are cytotoxic 
towards cultured human cell at higher concentrations. The outcome of the multiple regression 
procedure indicated that the flavonoid content could explain only 18.04% of the variance in 





Inclusion of phytochemicals in ruminant diets can modify the rumen ecosystem, and this, in 
most cases, is towards efficient fermentation. All the plant extracts evaluated in this study had 
considerable quantities of various phytochemicals determined, which makes them potential 
candidates for improving rumen fermentation efficiency. However, the modification of rumen 
microbes by plant extracts and their compounds may be due to general toxicity. Most of the 
plant extracts tested had LC50 values above the cut-off point of toxicity (0.03 mg/ml), and this 
supports their inclusion in many catalogues of folkloric medicinal plants, but unfortunately, 
they lack selectivity. It is important to note that in vitro cytotoxicity results serve as a 
preliminary screening tool to identify potentially safe or toxic plant extracts or compounds and 
does not ultimately address general toxicity. Hence, caution must be applied when 
administering even the least toxic plant extracts to the animal models with close monitoring of 




















Evaluating the effects of some selected medicinal plant extracts on feed degradability, 
microbial protein yield, and total gas production in vitro 
Abstract 
This study evaluates the effect of 22 crude ethanolic plant extracts on in vitro rumen 
fermentation of Themeda triandra hay using monensin sodium as a positive control. Fifty 
milligrams of plant extracts and 100 ppm of monensin were incubated with one gram of hay. 
The experiment was run independently thrice at 16 and 48 h incubation period using the in 
vitro gas production techniques. Fermentation parameters were determined at both hours of 
incubation. Plant extracts influenced gas production (GP) in a varied way relative to control at 
both hours of incubation, and GP is consistently highly significant (P<0.0001) at 16 and 48 h. 
Microbial protein yield (MY) was not significantly affected at 16 h (P> 0.05), but it was at 48 
h (P<0.01). Higher MY was recorded for all treatment except for A. sativum and C. intybus at 
the early incubation stage (16 h) relative to 48 h incubation. Compared to control group at 48 
h, all plant extracts have higher MY. After 48 h of incubation, the result shows that plant 
extracts influenced ruminal degradation, gas production, microbial protein yield and 
partitioning factor. C. papaya leaf extract had the highest true degradation and NDF-
degradation (587 g Kg-1 DM and 326 g Kg-1 DM, respectively), although this does not differ 
significantly from all other treatment except C. illinoinensis with the least true degradation and 
NDF-degradation (484 g Kg-1 DM and 223 g Kg-1 DM, respectively). Plant extracts of P. 
americana and M. nigra (40 and 44 ml respectively) reduced gas production significantly 
relative to control whereas C. limon (140 ml) and nine others increase total gas production, 
which does not differ from control (104 ml). Partitioning factor which is a measure of rumen 
fermentation efficiency in vitro differs highly significantly. P. americana (14.32 mg ml-1) have 
the highest partitioning factor, which varies significantly from all other treatments and control 
except M. nigra, C. japonica, and A. nilotica pods (12.56, 9.79, and 10.56 mg ml-1, 
respectively). All the plant extracts improve the MY which is the major source of amino acids 
to ruminants and has significant importance to animal performance. Some of the plant extracts 
studied are promising and will improve digestibility and utilisation of poor forage which may 
eventually reduce methane production from animals fed poor forages. However, promising 





Keywords: Plant extracts, incubation period, degradation, microbial yield, gas 
production 
5.1 Introduction 
Ruminants animals are major producers of animal protein, and their uniqueness in utilizing 
feed resources that cannot be used by other class of animals and humans placed them on the 
advantage that can hardly be overestimated. The ever-increasing human population over the 
year and the need to meet their animal protein demand have led to increased ruminant farming 
across the globe. These animals are essential not only for their excellent quality protein source 
but also as draft animals as well as providing raw material for industries such as wool, leather, 
tallow, bone, among others (Alao et al., 2017). 
The unavailability of quality feed supply is hampering livestock productivity in most 
developing countries. Ruminant production in the tropics and developing countries depend 
solely on natural/native pastures. They are often only supplemented with agro-industrial 
roughages during the dry season when forages are limited. These are characterized by high 
structural carbohydrates (ligno-celluloses) that lack adequate fermentable carbohydrates and 
nitrogen composition, a factor of crude protein (Galmessa et al., 2019). A kind of feeding 
system that has been associated with low digestibility and voluntary intake, which largely limits 
animal growth and productivity (Makkar, 2004). Moreover, feeding poor quality forage has 
been linked to higher methane production from ruminants (Chagunda et al., 2010), which 
represent a considerable loss of gross energy intake and digestible nutrient by animals (Johnson 
and Johnson, 1995; Cottle et al., 2011). Methane emission is now of global interest because of 
its effect on climate change with its higher global warming potential relative to carbon dioxide 
(EPA, 2017). 
It is crucial to emphasize the importance of rumen fermentation on ruminants and their health 
because it may invariably have a potential influence on humans. This influence may come 
through the nutritional quality of their products and the environment; through the impact of the 
emission of greenhouse gases and excessive excretion of nitrogen in their faeces and urine 
(Ungerfeld and Newbold, 2018).  The end products of rumen fermentation are characterized 
by the production of VFA and ammonia for microbial protein synthesis, which are the ruminant 




is the production and emission of gases too, which are nutritionally wasteful and environmental 
pollutants, that is of great concern (Makkar, 2004; Moran, 2005). 
Improving rumen fermentation is one of the goals in ruminant production because efficient 
rumen fermentation will lead to increase productivity which most times bring about a decrease 
in methane (a potent greenhouse gas). Various approach to improving the productivity of these 
classes of animals have been established; from feeding strategy to breed selection, microbial 
ecology selection (such as defaunation), to the use of antibiotic ionophores, synthetic/organic 
compounds, other chemical additives and natural compounds. The general aim of all these 
strategies is to manipulate the rumen microbial ecosystem towards enhanced fermentation, 
increase in fibre digestibility and microbial protein synthesis while mitigating methane 
production and emission from ruminants (Guglielmelli et al., 2010). In their editorial, 
Ungerfeld and Newbold (2018) reiterate that for a more productive and sustainable ruminant 
production, manipulating rumen microbial activity is ineludible. 
The campaign against the use of antibiotics in livestock production has gain momentum, 
especially after the ban of antibiotic used in animal production in the EU, and this has led to 
the search for a natural alternative to antibiotics for animal husbandry. One of the alternatives 
to antibiotics suggested by Seal et al. (2013) at a symposium is the use of phytonutrient (plant 
and plant extracts). Earlier, Greathead (2003) emphasized the use of plants and plant extracts 
and give several possible ways of exploiting them for improving animal production, 
particularly in ruminants as regards rumen fermentation and metabolism. 
Several researchers have reported (Patra and Saxena, 2009; Kim et al., 2012; Jayanegara et al., 
2014; Yuliana et al., 2014; Akanmu and Hassen, 2018; Yu et al., 2020, Akanmu et al., 2020) 
that plant rich in phytochemicals and their extracts are promising alternatives to antibiotics and 
chemical additives as rumen modifiers. These plant products could bring about improved 
fermentation efficiency, mitigate methane emission, and may probably improve animal 
productivity.   
The aim of this study was to evaluate the effect of some selected medicinal plant extracts with 
known bioactivity as a source of rumen microbial ecosystem modifiers, for their influence on 




5.2 Materials and method 
5.2.1 Collection of plant materials   
All the plant material used in this study (Table 5.1) were collected from the University of 
KwaZulu-Natal botanical garden, Pietermaritzburg with geographical coordinates 29o 37’S and 
30o 24’E at an altitude of 659 m and mean annual rainfall of 695 mm. And Ukulinga research 
farm of University of KwaZulu-Natal (UKZN), Pietermaritzburg, with 29o39’S and 30o24’E at 
an altitude of 700 m and mean annual rainfall of 735 mm. Garlic, ginger and onion samples 
were purchased from a commercial supermarket. While Persia americana, Vernonia 
amygdalina and Psidium guajuava leaves were collected from a private residence around 
UKZN, Pietermaritzburg campus. All plants parts used were properly identified and confirmed 
with the help of a botanist from the Department of Botany, University of KwaZulu-Natal, 
Pietermaritzburg.   
5.2.2 Preparation of plant extracts 
All the plant material leaves were washed with tap water immediately after collection and air-
dried, while the nutshell and pods were sorted. All plant materials were chopped into smaller 
pieces, and they were all oven-dried at 40 oC until they are completely dried. The dried plant 
materials were milled to pass through one mm sieve, and they were extracted in a soxhlet 
apparatus with 80% ethanol as the solvent (in a 1:10 of milled plant material to the solvent) 
until a clear solvent was seen around the thimble in the extraction chamber. The extracts were 
concentrated on the water bath at 60 oC to determine the extract yield and then reconstituted to 
a concentration of 50 mg/ml. 
5.2.3 Chemical analysis of substrate 
A sample of the substrate, Themeda triandra hay, was collected from the livestock section of 
the Ukulinga research farm.  Feed sample was analysed for its dry matter (DM) and total ash 
according to Association of Official Analytical Chemists (AOAC, 1999). Crude protein (CP) 
was determined by analyzing the nitrogen concentration of the feed with LECO TruMac CNS 
analyser (LECO TruMac Series Macro Determinator, LECO Corporation, Michigan, USA). 
The nitrogen concentration was multiplied by 6.25. Neutral detergent fibre (NDF) and acid 
detergent fibre (ADF) were determined according to Van Soest et al. (1991) using ANKOM 
200/220 fibre analyser (ANKOM Technology, Fairport, NY, USA.). The subtraction of ADF 




5.2.4 Preparation of Incubation Medium  
McDougall’s Salivary buffer solution was prepared as described by Basha et al. (2013); the 
buffer solution was prepared from two different solutions (solution A and B). Solution A was 
prepared by dissolving 19.6 g NaHCO3, 7.4 g NaHPO4, 1.14 g KCl, 0.94 g NaCl, 0.26 g 
MgCl.6H2O into 2 litres of distilled water, while for Solution B 2.65 g CaCl2.2H2O was 
dissolved in 50ml distilled water. The complete salivary buffer was prepared by adding 2 ml 
of solution B into 2 litres of solution A drop-wisely while stirring, and 5.6 g of (NH4)2SO4 was 
added to the mixture. The solution was then warmed to 39 oC on a water bath with continuous 
stirring and saturated with CO2.  
Rumen liquor was collected before morning feeding from three ruminally fistulated jersey 
cattle which had free access (grazing) to kikuyi pasture (Pennisetum clandestinum). The 
grazing was supplemented with urea treated Themeda triandra hay and were offered freshwater 
and salt lick ad libitum. Rumen liquor was filtered through four layers of cheesecloth into a 
pre-warmed flask (39 oC) that has been flushed with CO2 and was transported to the laboratory 
immediately, where continuous CO2 flushing continued until the incubation begins. The final 
buffer and rumen liquor mixture were in a 2:1 ratio. 
5.2.5 In vitro rumen fermentation of Themeda triandra hay  
The substrate used was Themeda triandra hay (veld hay), and it was dried at 60 oC for 72h and 
milled to pass through 1 mm screen. A 250 ml Duran bottle was used for the fermentation of 
1000 mg of weighed substrate. One millilitre of the 22 crude plant extracts (5% w/w of 
substrate mass) was pipetted into each bottle separately. Monensin was added at the rate of 100 
ppm per bottle which serves as the positive control, while 1 ml of distilled water was pipetted 
into the negative control bottle, and three blanks (only buffer and rumen fluid) were included 
per run. Sixty-seven millilitres of the prepared McDougall’s buffer solution was added to each 
bottle (22 plant extract, positive and negative controls and three blanks). All bottles were kept 
on a water bath at 39 oC for one hour to allow soaking of the substrate and plant extract where 
applicable before inoculation (addition of rumen fluid). Later, when rumen fluid was brought, 
33 ml of the rumen fluid was added to each bottle to complete the inoculation under CO2 
stream. The bottles were then sealed immediately with their lids and tightened to avoid gas 





Table 5.1. List of plant species evaluated for their effect on rumen fermentation in vitro 
The sealed Duran bottles were then incubated in a previously conditioned incubator (39 oC) 
with an oscillatory motion stirrer 120 rpm set at 2 min intervals and channels of pressure 
sensors were fitted. This entire process was repeated three times of independent run for 
incubation periods of 16 h and 48 h. 
Total gas production was determined after each incubation period; the pressure transducer that 
has been connected and programmed on the computer with a digital data logger was connected 
to the pressure channels on each bottle. The pressure logged at the end of 16 h and 48 h 
incubation were used to determine the total gas production by converting the gas pressure to 
Scientific name Common name Family name Part used 
Acacia nilotica L. Gum Arabic Fabaceae  Leaves 
Acacia nilotica L. Gum Arabic (pod) Fabaceae  Pods with seeds 
Acacia sieberiana DC. Paperbark Fabaceae Leaves  
Allium cepa L. Onions  Liliaceae Bulbs  
Allium sativum L. Garlic  Liliaceae Bulbs  
Aloe ferox Mill. Aloe  Asphodelaceae  Leaves  
Ananas comosus (L)Merr. Pineapple  Bromeliaceae  Leaves  
Camellia japonica L. Tea  Theaceae  Leaves  
Carica papaya L. Pawpaw  Caricaceae Leaves  
Carya illinoinensis K.Koch Pecan  Juglandaceae  Kernel shell 
Cichorium intybus L. Chicory  Asteraceae  Leaves  
Citrus limon (L.) Osbeck Lemon  Rutaceae  Leaves  
Coffea arabica L. coffee  Rubiaceae  Leaves  
Ficus benjamina L. Weeping fig Moraceae Leaves  
Ficus natalensis Hochst. Natal fig  Moraceae Leaves 
Moringa oleifera Lam. Drumstick Moringaceae  Leaves 
Morus nigra L. Mulberry Moraceae  Leaves 
Persea Americana Mill. Avocado  Lauraceae  Leaves 
Psidium guajava L. Guava  Myrtaceae Leaves 
Tulbaghia violacea Harv. Wild garlic Alliaceae Whole plant 
Vernonia amygdalina Delile Bitter leaf Asteraceae  Leaves 




volume. Gas pressure readings were displayed on the computer in millibars and pascal. The 
gas pressure was converted to gas volume (ml) using Boyle’s gas law relationship, as reported 
by Mauricio et al. (1999).  
𝐺𝑎𝑠 𝑉𝑜𝑙𝑢𝑚𝑒 =  
𝑉ℎ
𝐴𝑡𝑚
∗ 𝐴𝑐𝑡𝑢𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 
where Vh is the headspace volume of the Duran bottles (ml), Atm is the atmospheric pressure 
(millibars) and Actual pressure is the pressure read by the transducer as displayed on the 
computer in millibars, and the gas volume was corrected for blanks. 
At the end of each incubation period (16 and 48 h), the pH was measured using a CRISON 
Micro pH 2000 (CRISON Instruments, Barcelona, Spain). Fermentation bottles were then 
placed on ice to stop further fermentation. The cultured solution from each Duran bottle was 
transferred into centrifuge tubes and centrifuged at 10,000rpm for 20min at 4 oC, and the 
supernatant was discarded. The residue was transferred into an aluminium foil container with 
known weight and placed in the oven to dry at 80 oC for 2-3 days or until a constant weight is 
achieved (completely dried). The dried residues were corrected for blank incubation, i.e. 
incubation bottles that contained only buffer and rumen fluid. The difference in mass incubated 
and mass of dry residue gives apparent degradability (Apdeg). The residue was then refluxed 
with the neutral detergent solution using ANKOM 200/220 fibre analyser. The resultant NDF 
mass after correction for blanks was used to determine true degradability (Trdeg) according to 
Van Soest et al. (1991), and microbial yield was determined according to Van Soest (1994) 
and Blummel et al. (1997) as follows:  
 𝑇𝑟𝑑𝑒𝑔 =  𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑒𝑑 −   𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 𝑎𝑓𝑡𝑒𝑟 𝑁𝐷𝐹 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 
𝑀𝑌 =  𝑇𝑟𝑑𝑒𝑔 −  𝐴𝑝𝑑𝑒𝑔 
NDF degradability (NDFD) was calculated using the following formula, according to Goering 
and Van Soest (1970): 
𝑁𝐷𝐹𝐷(𝑔/𝐾𝑔𝐷𝑀) =  
1000 ∗ (𝑁𝐷𝐹𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝑁𝐷𝐹𝑟𝑒𝑠𝑖𝑑𝑢𝑒)
𝑁𝐷𝐹𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
 
While the partitioning factor (PF) was calculated by dividing the Trdeg by volume of gas 




5.2.6 Statistical analysis 
All data generated from the experiment for the two incubation periods 16 h and 48 h were fitted 
into the analysis of variance using the general linear model (GLM) procedure of SAS and 
difference between means was tested using the Tukey test (SAS, 2014).  
Statistical model: Yij = µ + Ti + ꞵj + Ɛij 
Where; Yij = observation k in treatment i, µ   = overall mean, Ti    = treatments effect of i
th (plant 
extracts and monensin), ꞵj = effect of run j
th (block) and Ɛij = residual error with mean 0 & 
variance σ2 
5.3 Result 
5.3.1 Chemical composition of the substrate (Themeda triandra hay) 
The chemical composition of the substrate used for evaluating the effect of medicinal plant 
extracts on in vitro fermentation shows that the hay used as the substrate is of low quality even 
after it has been improved with urea. Themeda triandra hay as substrate contained (g/Kg dry 
matter basis) 56 CP, 739 NDF, 556 ADF, 183 HEM, 904 OM and 96 Ash. 
5.3.2 Dry matter degradability, microbial protein yield, and gas production of Themeda 
triandra hay   
In vitro degradability parameters (Apdeg, Trdeg, NDFD) and gas production after 16 h of 
incubation were all influenced by the inclusion of all the plant extracts and monensin (Table 
5.2).  These additives affected Apdeg (P < 0.01), Trdeg and NDFD (P < 0.05), and gas 
production (P <0.0001), while microbial yield was not affected (P > 0.05) by the additives at 
16 h of fermentation. Inclusion of all plant extracts and monensin causes a decrease in Apdeg 
relative to control. However, this reduction was highly significant (P < 0.01) with C. 
illinoinensis having a negative value (-16 g Kg-1 DM). In comparison to other treatments with 
varying Apdeg, the control treatment (255 g Kg-1 DM) had the highest Apdeg. However, 
samples containing T. violacea had the highest Trdeg and NDFD (511 g Kg-1 DM and 250 g 
Kg-1 DM, respectively), and the lowest Trdeg and NDFD were observed with C. illinoinensis 
(407 g Kg-1 DM and 146 g Kg-1 DM, respectively) plant extract.  
Gas production by all the additives after 16 h fermentation varied widely. However, it was not 
statistically different in comparison to means of control (42 ml g-1) except for samples 




of C. intybus (62 ml g-1) had the highest gas production. The inclusion on monensin sodium 
(13 ml g-1) significantly (P < 0.0001) reduced gas production relative to the plant extracts of C. 
intybus, C. limon, V. amygdalina, A. sieberiana, and Z. officinale. 
After 48 h incubation, all the observed parameters (Table 5.3) were significantly influenced by 
the treatments; Apdeg (P < 0.0001), Trdeg and NDFD (P ≤ 0.05), MY (P < 0.01) and gas 
production (P < 0.0001). Apdeg was highest in samples containing C. limon (385 g Kg-1 DM) 
plant extracts and lowest in C. illinoinensis samples (46 g Kg-1 DM), which were significantly 
(P < 0.0001) different from all other treatments except P. guajuava and V. amygdalina. 
Addition of crude extracts of C. papaya leaves had the highest Trdeg and NDFD (587 g Kg-1 
DM and 326 g Kg-1 DM, respectively), although did not differ significantly from all other 
treatment except C. illinoinensis with the least Trdeg and NDFD (484 g Kg-1 DM and 223 g 
Kg-1 DM, respectively).  
Unlike after 16 h fermentation, means of microbial yield after 48 h fermentation differed 
significantly (P < 0.01) among extracts; all samples with plant extracts and monensin had 
higher microbial yield than the control which ranges from 438 g Kg-1 DM - 151 g Kg-1 DM. C. 
illinoinensis plant extract had the highest microbial yield which differed significantly (P < 0.01) 
from samples containing C. arabica, A. comosus, A. ferox, M. nigra, A. cepa, A. sieberiana, C. 
limon and control.  
The addition of plant extracts and monensin sodium to the hay influences the total gas 
production after 48 h of fermentation significantly (P < 0.0001). Plant extracts of C. limon (140 
ml g-1 DM incubated) had the highest gas production. In contrast, treatments containing plant 
extracts of P. americana, M. nigra, A. nilotica (pod), C. illinoinensis, C. japonica and monensin 
sodium (40, 44, 53, 62, 64, and 66 ml g-1 DM incubated) reduced gas production significantly 








Table 5.2. Degradability and gas production of Themeda triandra hay as influenced by the 











Acacia nilotica  122ab 437ab  176ab 315 41abcd 
Acacia nilotica (pods) 146ab 437ab 176ab 291 23bcd 
Acacia sieberiana  191a 479ab 218ab 288 49ab 
Allium cepa  214a 490ab 229ab 277 40abcd 
Allium sativum  233a 460ab 199ab 227 42abc 
Aloe ferox  201a 499ab 238ab 298 41abcd 
Ananas comosus  201a 490ab 229ab 289 46abc 
Camellia japonica  232a 488ab 227ab 256 46abc 
Carica papaya  171ab 482ab 221ab 311 41abcd 
Carya illinoinensis  -16b 407b 146b 423 6d 
Cichorium intybus  239a 458ab 197ab 220 62a 
Citrus limon 222a 492ab 231ab 269 51ab 
Coffea arabica  119 ab 475ab 214ab 356 46abc 
Ficus benjamina  137ab 465ab 204ab 328 33abcd 
Ficus natalensis  174 ab 483ab 222ab 309 43abc 
Moringa oleifera 151 ab 493ab 232ab 341 46abc 
Morus nigra  243a 498ab 237ab 254 42abc 
Persea Americana 135ab 480ab 219ab 345 38abcd 
Psidium guajava  148ab 447ab 186ab 299 33abcd 
Tulbaghia violacea  161ab 511a 250a 350 36abcd 
Vernonia amygdalina  204a 481ab 220ab 277 50ab 
Zingiber officinale  212a 474ab 213ab 262 48ab 
Monensin sodium 146ab 452ab 191ab 306 13cd 
Control  255a 490ab 229ab 235 42abc 
MSD 198.41 96.93 96.93 246.83 34.98 
RMSE 62.89 30.72 30.72 78.24 11.09 
Treatment effect ** * * NS *** 
Apdeg- apparent degradability, Trdeg- true degradability, NDFD- neutral detergent degradability, MY- microbial yield, GP- 
gas produced, MSD- minimum significant difference, RMSE- root mean square error  
Means within a column with the same superscript are not significantly different (P ≤0.05). 




Table 5.3. Degradability and gas production of Themeda triandra hay as influenced by the 











Acacia nilotica 313a 540ab 279ab 227ab 89abcdefgh   
Acacia nilotica (pods) 278a 533ab 272ab 255ab 53fgh 
Acacia sieberiana  383a 556ab 295ab 173b 98abcdefg 
Allium cepa  376a 554ab 293ab 177b 117abcde 
Allium sativum  319a 562ab 301ab 243ab 130ab 
Aloe ferox  322a 518ab 257ab 196b 101abcdef 
Ananas comosus  344a 552ab 291ab 208b 87abcdefgh 
Camellia japonica  263a 552ab 291ab 290ab 64efgh 
Carica papaya  289a 587a 326a 298ab 118abcde 
Carya illinoinensis  46b 484b 223b 438a 62defgh 
Cichorium intybus  304a 564ab 303ab 260ab 123abc 
Citrus limon 385a 558ab 297ab 173b 140a 
Coffea arabica  322a 533ab 272ab 212b 127ab 
Ficus benjamina  304a 556ab 295ab 252ab 100abcdefg 
Ficus natalensis  318a 561ab 300ab 242ab 104abcdef 
Moringa oleifera 253a 545ab 284ab 292ab 109abcdef 
Morus nigra  338a 528ab 267ab 190b 44gh 
Persea Americana 325a 552ab 291ab 227ab 40h 
Psidium guajava  238ab 499ab 238ab 261ab 92abcdefgh 
Tulbaghia violacea  310a 530ab 269ab 220ab 119abcde 
Vernonia amygdalina  205ab 549ab 288ab 344ab 121abcd 
Zingiber officinale  296a 567ab 306ab 271ab 117abcde 
Monensin sodium 327a 561ab 300ab 234ab 66cdefgh 
Control  382a 532ab 271ab 151b 104abcdef 
MSD 196.79 92.48 92.48 220.78 58.14 
RMSE 62.38 29.31 29.31 69.98 18.43 
Treatment effect *** * * ** *** 
Apdeg- apparent degradability, Trdeg- true degradability, NDFD- neutral detergent degradability, MY- microbial yield, GP- 
gas produced, MSD- minimum significant difference, RMSE- root mean square error  
Means within a column with the same superscript are not significantly different (P ≤0.05) 




Table 5.4. Effect of plant extracts and monensin on ruminal pH and partitioning factor at 16 h 
and 48 h incubation in vitro 
 16 h incubation 48 h incubation 
Treatments pH PF pH PF 
Acacia nilotica 6.89ab 11.7c 6.72ab 6.14cdef 
Acacia nilotica (pods) 6.89ab 19.7c 6.74 ab 10.52abc 
Acacia sieberiana  6.87ab 10.1c 6.73 ab 6.13cdef 
Allium cepa  6.83ab 13.5c 6.64 ab 4.83ef 
Allium sativum  6.82ab 11.0c 6.67 ab 4.46ef 
Aloe ferox  6.84ab 12.2c 6.78 ab 5.31def 
Ananas comosus  6.85ab 10.9c 6.68 ab 6.50cdef 
Camellia japonica  6.85ab 10.8c 6.72 ab 9.79abcd 
Carica papaya  6.88ab 12.3c 6.72 ab 5.08ef 
Carya illinoinensis  6.96a 66.7a 6.91a 8.23bcdef 
Cichorium intybus  6.84ab 7.8 c 6.66 ab 4.72ef 
Citrus limon 6.85ab 10.0c 6.78 ab 4.04f 
Coffea arabica  6.90ab 10.7c 6.76 ab 4.28ef 
Ficus benjamina  6.92ab 15.6c 6.72 ab 5.63def 
Ficus natalensis  6.81b 11.7c 6.79 ab 5.46def 
Moringa oleifera 6.85ab 11.8c 6.58b 5.13def 
Morus nigra  6.85ab 11.9c 6.75 ab 12.56ab 
Persea Americana 6.87ab 12.9c 6.83 ab 14.32a 
Psidium guajava  6.91ab 14.4c 6.70 ab 5.47def 
Tulbaghia violacea  6.80b 17.1c 6.62b 4.62ef 
Vernonia amygdalina  6.85ab 10.5c 6.64 ab 4.59ef 
Zingiber officinale  6.84ab 11.4c 6.65 ab 4.84ef 
Monensin sodium 6.96a 36.7b 6.79 ab 8.80bcde 
Control  6.88ab 11.1c 6.78 ab 5.12def 
MSD 0.14 14.3 0.29 4.71 
RMSE 0.05 4.5 0.09 1.49 
Treatment effect ** *** * *** 
PF- partitioning factor, MSD- minimum significant difference, RMSE- root mean square error 
Means within a column with the same superscript are not significantly different (P ≤0.05) 




The pH values observed after 16 h of incubation (Table 5.4) were significantly (P < 0.01) 
affected by the inclusion of plant extracts and monensin sodium. The effects of the addition of 
kernel shell extract of C. illinoinensis and monensin sodium were different from F. natalensis 
and T. violacea plant extracts for their pH after 16 h incubation. Means of all the treatments 
were like control for their pH value statistically, and the pH ranges from 6.96 (C. illinoinensis) 
to 6.80 (T. violacea). Similarly, the pH values of all the treatments were not different relative 
to control after 48 h incubation; the pH ranging from 6.91 (C. illinoinensis) to 6.60 (M. 
oleifera). Overall, C. illinoinensis plant extract still maintained a highest pH, which differs 
significantly (P < 0.05) from means of T. violacea and M. oleifera plant extracts.  
The inclusion of C. intybus plant extract brought about the least PF (7.8 mg ml-1) which is not 
statistically different from control (11.1 mg ml-1). Meanwhile, the influence of C. illinoinensis 
and monensin sodium on the PF differed significantly (P < 0.0001) from each other and all 
other plant extracts including the control after 16 h of fermentation. Partitioning factor also 
differed (P < 0.0001) amongst extracts at 48 h of incubation. P. americana (14.32 mg ml-1) had 
the highest partitioning factor, which differed significantly from all other treatments and 
control except M. nigra, C. japonica, and A. nilotica (pods) (12.56, 9.79, and 10.56 mg ml-1, 
respectively). While the least PF was obtained from the plant extract of C. limon (4.04 mg ml-







5.4 Discussion  
The use of in vitro gas production technique for the evaluation of the effect of plant and plant 
extracts containing phytochemicals on rumen fermentation has been considered and acceptable 
(Makkar, 2005). In the present study, we endeavor to determine the effects of selected 
medicinal plant extracts on rumen fermentation parameters at 16 h and 48 h of incubation. It 
has been suggested that it is crucial to identify the incubation time in the in vitro gas technique 
at which the partitioning factor (a measure of the fermented substrate that leads to microbial 
mass synthesis) is maximum (Makkar, 2004) to determine when it should be measured for 
accurate determination in an in vitro system (Blummel et al., 1998).  This was in resonance 
with the findings of Ouda and Nsahlai (2009) who stated that when using in vitro gas technique 
to estimate the dynamics of feed degradation and protein metabolism correct timing of 
incubation should be considered. It was observed in this study that the microbial protein yield 
for all treatments was higher at 16 h of incubation when compared to yields at 48 h. This agreed 
with the observation of Getachew et al. (2000), who reported that microbial growth efficiency 
was higher for 16 h incubation than 24 h in their study on tannin-rich feeds. Among the essential 
end product of rumen fermentation is the synthesis of microbial protein which is the primary 
source of protein supply post ruminally, especially in animals fed high fibrous feed. 
However, reduced microbial yield observed in this study after 48 h fermentation as compared 
to 16 h fermentation can probably be as a result of incomplete fermentation of the neutral 
detergent solubles in the substrate at an early stage of incubation, energy spilling or microbial 
lysis at the later stage of incubation. It is important to note that plant extracts with high 
efficiency of microbial protein yield will lead to efficient utilization of feed nitrogen and carbon 
(Makkar, 2010). In this study, we observed that the addition of all plant extracts at 48 h 
incubation improves the microbial yield relative to the control. Moreover, improved microbial 
biomass yield observed in the current study might also be associated with decreased bacteria 
proteolysis that usually occurs in the presence of protozoans, since most phytochemicals 
present in these plant extracts are capable of defaunation (Patra and Saxena, 2009). Newbold 
et al. (2015) in their meta-analysis confirmed the theoretical expectation that defaunation may 
lead to higher microbial biomass yield. 
Post ruminal flow of microbial protein may result in the availability of protein for absorption 
in the small intestine (Komolong et al., 2001). Selection of plant extracts that improve 




supply of protein post ruminally. Higher microbial protein yield may decrease the flow of 
carbon in feed to fermentative CO2 and CH4. Due to microbial protein high biological value 
(high quality protein), they serve as a good source of metabolizable protein for ruminants 
(Hersom and Carter, 2010), which may reduce the need for feed supplementation of rumen 
undegradable protein, and reduce the cost of feeding (Makkar, 2010). 
C. illinoinensis nutshell extract had a negative Apdeg at 16 h fermentation; this can be 
explained from its phytochemical composition (chapter 4) point of view. Higher concentration 
of condensed tannins in feed sample is known for their ability to cause nutrient precipitation, 
and suppress digestibility (Naumann et al., 2017). Tannins might have precipitated the nutrient 
in the substrate fermented in the C. illinoinensis plant extract, making nutrient unavailable for 
degradation, slowing down degradation thus leading to a negative balance of apparent 
degradation at 16 h of incubation.  
In vitro NDF degradability has been indicated as an essential measure to accurately predict 
feed intake, total digestible nutrients, and net energy of forages (Oba and Allen, 1999). An 
increased in vitro NDF degradability by most plant extracts is an indication of their potential 
to cause an increased forage intake and digestible energy when fed as an additive to ruminants. 
In the current study, the ethanolic leaf extract of C. papaya was able to improve in vitro NDF 
degradability by up to 20% relative to control while monensin improves it by 11% at 48 h 
incubation. It has been established that a one-unit increase in in-vitro NDF digestibility is 
associated with up to 17% increase in dry matter intake and over 24% increase in fat corrected 
milk yield (Oba and Allen, 1999). 
True degradability of feed or substrate in vitro can only lead to either gas production or fixed 
into microbial cells for microbial biomass synthesis (Makkar et al., 2007). The Trdeg, TGP 
and microbial biomass yield observed as a result of the addition of C. illinoinensis plant extract 
to the Themeda triandra hay fermentation showed that the Trdeg is channeled more towards 
microbial protein synthesis, which was reflected in gas production especially at 16 h 
incubation. The reduced fibre degradation by the addition of C. illinoinensis and some other 
plant extracts may be associated with the effect of the plant extracts on protozoans 
(defaunation). Because it is well documented that defaunation reduces fibre digestion (Hegarty, 
1999), and some plant extracts rich in phytochemicals, especially saponins are capable of 




Suppression of in vitro degradability of feed by the addition of plant extracts has been reported 
by Patra et al. (2006), where they show that all plant extracts used in their study reduce dry 
matter degradation relative to control. This was not true with our observation with Trdeg, where 
18 plant extracts were able to improve Trdeg by at least 1% relative to control which is an 
indication that most of the plant extracts were not detrimental to the rumen microbes 
responsible for digestion. In this context, our result resonates well with that of Akanmu and 
Hassen (2018) where all plant extracts used in their study improved in vitro organic matter 
degradability. C. papaya leave extracts, with the highest Trdeg causes an improvement that is 
above 10% relative to control, has been reported to have some compounds (such as papain, 
chymopapain and proteolytic enzymes) which aid digestion (Chevalier, 1996).  
Plant extracts that are rich in tannins have been reported to reduce gas production (Getachew 
et al., 2000) that was observed with some plant extracts in this study; for instance, C. 
illinoinensis and C. japonica with higher tannins were able to reduce gas production. On the 
other hand, plant extracts that are lower in tannins such as C. limon, Z. officinale and A. sativum, 
have higher gas production. Noteworthy is the effect of alkaloids on rumen fermentation in 
vitro. Makkar (2005) stated that inclusion of different alkaloids would cause a substantial 
decrease in Trdeg and gas production but a relatively lower decrease in microbial biomass 
synthesis. This agreed with the findings of this study where P. guajava and C. illinoinensis that 
had the highest concentration of alkaloids (chapter 4), decreases gas production and Trdeg 
relative to control, although unlike in their report P. guajava did not decrease microbial 
biomass yield. This finding is not consistent across all plant extracts and can be attributed to 
the interplay among several phytochemicals. Oskoueian et al. (2013) highlighted that the 
presence of many compounds or metabolite in crude plant extract as used in this study may 
influence the result and makes it difficult to correlate the response to a particular 
phytochemical.  
Rumen pH is an essential aspect of ruminant life and health because an extreme on the upper 
or lower limit (above 7.0 and below 5.5, respectively) can be detrimental to rumen microbes 
and rumen health. In the present study, the pH value recorded was within the normal range 
(6.0-7.0) for fibre and protein degradation (Nur Atikah et al., 2018). This suggests that even 





Partitioning factor, which is the ratio of a substrate that was truly degraded to the gas produced 
in in vitro rumen fermentation and a measure of the efficiency of microbial protein yield. 
According to Blummel et al. (1997), the theoretical range of PF is 2.75 to 4.41 for most feed, 
whereas the PF observed in this study ranged from 4.04 to 14.32 at 48 h incubation. Our 
observation agrees with that of Getachew et al. (2000) who established that PF for 
phytochemical (tannins) rich feeds ranged from 3.1 to 16.1. Furthermore, this can be due to the 
inhibitory effect of plant extracts and their phytochemicals on gas production, which caused a 
lower gas production per unit of truly degraded substrate. The decrease in gas production 
observed in the current study by the addition of P. americana after 48 h of fermentation may 
be associated with its carminative properties (Chevalier, 1996), which prevent the formation of 
gas or gas build up in the gastrointestinal tract and is responsible for the higher PF recorded. 
Despite the lower gas produced by P. americana, feed degradation was not affected negatively, 
when compared to control. Higher PF implies that more of degraded dry matter was 
incorporated into microbial biomass synthesis, which is an indication of improved fermentation 
efficiency, and can lead to higher dry matter intake in vivo.  
Generally, the variations observed in the effect of the different plant extracts can be due to 
differences in their phytochemical concentration and the chemical characteristic of the 
individual phytochemicals. Monensin sodium has been reported to have the ability to improve 
rumen fermentation and feed efficiency (Callaway et al., 2003). In our study, we observed that 
the addition of monensin improves dry matter Trdeg, NDF degradability, microbial biomass 
yield, and it causes a reduction in gas production relative to control. Most plant extracts in this 
study were able to demonstrate similar to even better effect on those parameters. Akanmu et 
al. (2020) reported that all plant extracts used in their study performed better than monensin.  
5.5 Conclusions 
All the plant extracts investigated improve microbial protein yield which is the major source 
of amino acids to ruminants and has a significant importance to animal performance. Some of 
the plant extracts studied are promising and will improve digestibility and utilisation of poor 
forages which may eventually mitigate methane production from ruminants fed poor forages. 
However, promising plant extracts need to be logically selected for further study in vivo to 





Effect of medicinal plant extracts on feed intake, nutrient utilization, rumen 
fermentation parameters and methanogenesis inhibition in South Africa merino sheep 
Abstract 
This study aimed at determine if the selected medicinal plant extracts could improve feed 
intake, apparent digestibility, growth performance, nitrogen utilization and reduce ruminal 
methane gas concentration of sheep fed poor quality veld hay (Themeda triandra), 
supplemented with Lucerne hay and maize mix. Two trials were conducted; in the first trial, 
36 ewes were randomly placed in 6 treatments consisting 4 ethanolic plant extracts of C. 
japonica, C. papaya, P. americana, C. illinoinensis, monensin and control. They were used to 
determine the effect of the treatments on feed intake, growth performance, ruminal pH, NH3-
N and methane and hydrogen gas concentration in the rumen. In the second trial (digestibility 
trial), 12 sheep were randomly placed in the same 6 treatments for 3 periods in a planned 
crossover design, having 2 animals per treatment within a period. All animals were offered 
Themeda triandra hay ad-libitum, supplemented with 500 g of Lucerne hay and maize mix, 
and animals on each treatment were offered 100g of treatment marsh containing 2g of the plant 
extracts has active ingredient and 5mg of monensin for animals on MON group while the 
control had no active ingredient. The result showed that the plant extracts influenced total dry 
matter and organic matter intake. All plant extracts have higher total dry matter intake (% body 
weight), final bodyweight, total weight gain, and feed efficiency significantly (p < 0.05). 
Whereas, ruminal pH, NH3-N, HS- H2, and apparent digestibility of organic matter, crude, 
protein and fibre did not differ (p >0.05).  C. illinoinensis and monensin reduce methane gas 
concentration in the rumen headspace by 27% and 29%, respectively, relative to the control. 
However, monensin and all plant extracts except C. japonica reduce dissolved methane gas 
concentration in rumen fluid significantly (p <0.05). Plant extracts do not negatively affect feed 
digestibility; in fact, C. papaya improves apparent digestibility slightly relative to control, and 
even monensin. It can be concluded that all plant extracts investigated are promising and C. 
illinoinensis is the most promising for mitigating methane emission from ruminants, and it can 
be used to replace monensin in ruminant feed without adversely affecting animals’ 
performance. Since no adverse effect was observed a higher dosage of the plant extracts is 





Keywords: Plant extracts, methane gas, apparent digestibility, C. illinoinensis, growth 
performance 
6.1 Introduction 
Methane gas emission from ruminants is a product of anaerobic fermentation by the archaea 
bacteria (methanogens) group of microbes in the rumen. Methane gas emission is of 
environmental importance due to its contribution to global warming with a global warming 
potential that is 28 times higher relative to CO2 (IPCC, 2014). Many attempts of altering rumen 
microbial fermentation to mitigate methane emission have been reported (Lascano and 
Cardenas, 2010). The use of feed additives such as antibiotic ionophores (Richardson et al., 
1976; Wallace, 1980; Callaway et al., 2003) and other chemical compounds (Demeyer and Van 
Nevel, 1987; Mohammed et al., 2004; Latham et al., 2016) are commonly employed to 
manipulate rumen fermentation to inhibit rumen methanogenesis. However, Latham et al. 
(2016) highlighted that when considering cost and the risk associated with feeding some of 
these chemicals (such as nitrate) to ruminants, the decrease in GHG achieved from their use 
may not justify the usage as a methane mitigation strategy, coupled with the current concerns 
of antimicrobial resistance associated with the consumption of animal products. These and 
many more factors have raised the interest of animal nutritionist to explore natural alternatives 
to replace the commonly used rumen manipulators. 
Of the most promising alternatives to conventional antibiotic use in ruminant production is the 
use of plant and plant extracts that are rich in phytochemicals (Greathead, 2003; Seal et al., 
2013). Apart from having the potential to manipulate rumen fermentation towards reduced 
methanogenesis (Hart et al., 2008), they are inexpensive and environmentally friendly 
(Oskuenian et al., 2013). Studies have shown that plant extracts mitigate methane emission, 
improve fermentation efficiency and animal performance (Patra et al., 2006; Yuliana et al., 
2014; Akanmu and Hassen, 2018; Yu et al., 2020, Akanmu et al., 2020). The result of the in 
vitro study (chapter 5) showed that some medicinal plant extracts have the potential to improve 
fermentation efficiency, microbial protein yield, and fibrous feed degradation, animal 
performance and mitigate rumen methanogenesis. Therefore, there is a need for an in vivo 
validation of some of the most promising medicinal plant extracts. The objective of this study 
was to determine the effect of ethanolic plant extracts of C. japonica, C. papaya, P. americana, 




methane gas concentration, feed intake, feed digestibility, nitrogen metabolism and growth 
performance of South Africa merino sheep fed high roughage diet. Moreover, it was 
hypothesised that feeding of each medicinal plant extract as an additive will improve feed 
intake, digestibility, animal performance, rumen fermentation parameters and mitigate rumen 
methanogenesis in growing sheep. 
6.2 Materials and methods 
This study was approved by the Animal Research Ethics Committee (AREC) of the University 
of KwaZulu-Natal, South Africa with an ethical clearance certificate reference number: 
AREC/006/018D.    
6.2.1 Study area 
The studies were conducted at the Ukulinga Research Farm of the University of KwaZulu-
Natal, Pietermaritzburg, KwaZulu-Natal South Africa. With an average annual rainfall of 
approximately 735mm, experienced mostly in summer between October and April. Maximum 
and minimum average annual temperature is 25.7 oC and 8.9 oC, respectively. The area lies on 
the geographical coordinates 30o 24’S and 29o 24’E at an altitude of 700 m. The study was 
conducted between February and May 2020 (Autumn) with average daytime temperature of 
25-29 oC.  
6.2.2 Plant extract preparation 
All the plant material used in this study were Camelia japonica leaves, Carica papaya leaves, 
Persia americana leaves and Carya illinoinensis nutshell which were selected based on their 
effect on digestibility and partitioning factor in the in vitro studies in chapter 5. Camelia 
japonica and Carica papaya leaves were collected on the Agric. campus of the University of 
KwaZulu-Natal, Pietermaritzburg, KwaZulu-Natal South Africa while Persia americana 
leaves and Carya illinoinensis nutshell were collected from private facilities around UKZN, 
Pietermaritzburg. The collected plant leaves were washed with clean water and air dried, while 
the nutshell was also air dried; they were all oven-dried. The dried plant materials were milled 
to pass through 1 mm sieve, and they were extracted in a soxhlet apparatus with 80% ethanol. 
The plant extracts were concentrated on a water bath at 60 oC, to determine the extract yield 




6.2.3 Trial 1 
6.2.3.1 Experimental design and animal management 
Thirty-six female South Africa merino sheep (SAMS) (ewes) aged between 12 - 36 months. 
All experimental animals were weighed twice (2 consecutive days) prior to the beginning of 
the study before morning feeding using sheep crate scale and the age of the animals were 
determined based on information in the farm records and their dentition. Experimental animals 
were sorted according to their body weight and age and they were subjected to stratified 
randomization using Ms-Excel, all animals were ear tagged. They were randomly assigned to 
six groups treatments (4 plant extracts treatment group, a positive and negative control) of six 
sheep per treatment. All animals were housed in individual cages (70cm width, 150cm length 
and 90cm height) in a pen with a wooden slatted floor, and the pen temperature was regulated 
with large fans that are automatically switched on when the pen temperature is above 25 oC. 
The treatments comprised 4 ethanolic plant extracts of Camellia japonica (Cj), Carica papaya 
(Cp), Persia americana (Pa) and Carya illionenesis (Ci), monensin (MON) (which serves as 
the positive control) and negative control (Control).  
6.2.3.2 Treatment preparation 
All treatments were prepared using maize and molasses as their carrier/filler. For the plant 
extracts treatments: 1000 g of Cj treatent contains 100 g of molasses, 20 g of Camellia japonica 
plant extract and 880 g of milled maize. 1000 g of Cp treatment contains 100 g of molasses, 20 
g of Carica papaya plant extract and 880 g of milled maize, 1000 g of Pa treatment contains 
100g of molasses, 880g of milled maize and 20 g of Persia americana and Ci treatment also 
contains 20g of Carya illionenesis, 100 g of molasses and 880 g of milled maize per 1000 g.  
Monensin (MON) treatment was prepared by mixing 100 g of molasses with 19.95 g of distilled 
water, 880 g of milled maize with 50 mg of monensin sodium salt (Sigma-Aldrich, St. Louis, 
USA) to make 1000 g of monensin treatment. However, for the negative control (Control) 
every 1000 g contains 880 g of milled maize, 100 g of molasses mixed with 20 g of distilled 
water.  All these treatments were thoroughly mixed in a horizontal ribbon mixer for 30 mins, 
and they were bagged and properly labelled. All the experimental animals were offered 100 g 
of the treatment per head per day according to their treatment group as a top dress of their 
morning feed. Therefore, every 100 g of treatment (Cj, Cp, Pa, and Ci) had 2 g plant extract, 

















6.2.3.3 Feeds and feeding 
All experimental animals were offered portions of Lucerne hay and maize mix as a 
supplementary diet to Themeda triandra hay (veld hay) fed ad-libitum.  The maize was 
crushed, Lucerne and veld hay were milled to pass through a 12 mm screen using a hammer 
mill (Science hammer mill 400, Lab World Pty Ltd, Johannesburg, South Africa). Milled 
Lucerne and crushed maize (3:2 ratio wt/wt) were then mixed thoroughly in a horizontal ribbon 
mixer. 
All experimental animals were offered 500 g of mixed Lucerne+ maize ration in the morning 
at 07:00 h, and it was top-dressed with each treatment based on treatment groups. All the 
animals usually finished this diet within less than two hours. They were then offered veld hay 
at 9:00h and 15:00h ad libitum with excess allowances. All animals had free access to fresh 
drinking water, salt and phosphate mineral block lick (Voermol Feeds Pty Ltd, Maidstone, 
South Africa) ad-libitum. Animals were first adapted to experimental feeds for 10 days and 
were gradually offered the treatment from 50 g to 100 g for another seven days, under close 
monitoring for signs of adverse effect of the treatments. The study lasted for 87 days, including 
the adaptation period. All the animals were properly treated against endo and ectoparasites 
prior to the commencement of the study. 
6.2.3.4 Determination of feed intake and weight gain 
Veld hay offered to the animals, and its leftover (orts) in the feeding troughs was weighed 
daily. Daily feed intake is taken as the quantity of feed offered minus the leftover. Samples of 
fresh feeds and orts were collected and bulk every week for the analysis of dry matter and other 
nutritional components (chemical analysis). All the experimental animals were weighed at the 
beginning of the study (initial body weight) and weekly before morning feeding on the day 
they were weighed. 
6.2.3.5 Chemical composition of experimental feeds 
Feed samples of veld hay and Lucerne hay + maize mix were analysed for total ash and dry 
matter (DM), using the official methods of Association of Official Analytical Chemists 
(AOAC, 1999). Neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid detergent 
lignin (ADL) were determined using ANKOM A200/220 fibre analyser (ANKOM 
Technology, Macedon, NY, USA), and their differences determined hemicellulose and 




TruMac Series Macro Determinator, LECO Corporation, Michigan, USA). Crude protein (CP) 
was then determined from the nitrogen content by a multiplication factor of 6.25 (CP= 6.25 x 
Nitrogen). 
6.2.3.6 Rumen sampling and determination of gas concentration in rumen headspace   
On the last week of the trial, all the experimental animals were sampled for rumen headspace 
gas and fluid. A day before sampling the animals were offered feed routinely, but veld hay was 
only offered at 10:00h, and they were given access to water throughout to prepare them for 
sample collection. Rumen gas and rumen fluid were sampled in the morning (7: 00 h) before 
feeding in the last 3 days of the experiment, with 12 sheep on each day (by randomly chosen 2 
animals per treatment per day). Rumen headspace gas was collected using the method 
described by Moate et al. (1997) with some adaptation.  Each sheep was first trimmed of their 
fleece around their left side paralumbar fossa (in between the last rib and flank) using a shearer 
and then swabbed with 70% ethanol. A 60ml syringe fitted with a 3-way stopcock was attached 
to a stainless-steel needle (16 gauge) to collect 50ml of headspace gas from the rumen. A 
portable gas analyser, SKZ 1050C (SKZ Multi-gas detector, SKZ Industrial Co., Limited, 
Shandong Province, China) that can determine CH4, H2 and N2 gases, was then attached to the 
other outlet of the 3-way stopcock, and the collected gas was pumped directly into the portable 
gas analyser for the determination of methane and hydrogen gas concentration in the gas 
sample. This gas analyser determines CH4 gas from 0-100%, H2 gas from 0-2000mg/m3 and 
N2 gas from 0-100%, using electrochemical/infrared detection principle. Prior to the sampling, 
the gas analyser has been calibrated and set up according to manufacturer instruction.  
Rumen fluid was sampled using the rumenocentesis method as described by Atkinson (2017). 
A 16-gauge needle fitted to a syringe was thrusted into the rumen, and the rumen fluid was 
collected around the centre of the rumen (the collection site is the point at which a vertical line 
from the dorsal part of the rumen side of the animal and a horizontal line from the knee-cap 
meets). Approximately 60-70 ml of fluid was collected from each animal using a 50 ml syringe 
twice. The rumen fluid was collected for the determination of fermentation end products and 
dissolved gases. About 30 ml of rumen fluid sample was transferred into a 50 ml labelled 
sample bottle, and the rumen pH was measured immediately using CRISON portable pH meter 
507 (CRISON Instruments, Barcelona, Spain); it was stored at -80 oC for subsequent 




for the determination of dissolved CH4 and H2 concentration in the rumen fluid as described 
below. 
 
Figure 6.2. Gas analyser in its box. 
 
 























6.2.3.7 Determination of dissolved gases and their concentration in rumen fluid 
The concentration of dissolved gases in the rumen fluid of the experimental animals was 
measured using the method described by Wang et al. (2016). The 50 ml plastic syringe that 
contains the 30 ml of rumen fluid drawn directly from each animal rumen was fitted with a 3-
way stopcock, which was locked immediately and cooled to 25 oC. A 20 ml syringe was filled 
with 10 ml of nitrogen gas, and it was connected to the 50 ml syringe via the 3-way stopcock. 
The nitrogen gas was then released into the 50 ml syringe through the stopcock, and the 
dissolved gases in the rumen fluid were moved into the gas phase by handshaking the 50 ml 
syringe vigorously for 5mins. After shaking, the gas phase was sucked into the 20 ml syringe, 
and the volumes of the gas and liquid were measured using the scales on the 20 ml and 50 ml 
syringes, respectively (Wang et al., 2016). The gas in the 20 ml syringe was then injected into 
the portable gas analyser (SKZ 1050C Multi-gas detector, SKZ Industrial Co., Limited, 
Shandong Province, China) for the determination of CH4 and H2 gas concentration.  
6.2.3.8 Determination of ammonia concentration 
The frozen rumen fluid was thawed in the refrigerator overnight, given a fair shake for 
homogenization and 20ml of rumen fluid taken in 50 tubes and centrifuged at 10,000 g for 10 
mins at 4 oC. Five (5) ml aliquot of the supernatant was used for the determination of ammonia 
concentration, using the phenol-hypochlorite reaction method of Weatherburn (1967) as 












6.2.4 Trial 2 
6.2.4.1 Experimental design, animal management and diets 
Twelve male merino sheep aged between 12-24 months with an average bodyweight of 35.6 ± 
10.8 kg were used to determine the influence of plant extracts on nutrient digestibility and 
nitrogen metabolism. The sheep were randomly allocated into six groups (two animals per 
group), and the study was repeated three times (6 treatment x 2 animals x 3 periods) in a 
crossover design. The treatment is randomly allocated to the six animal groups at each period, 
such that no animal was placed in a particular treatment twice throughout the three periods. All 
experimental animals were managed as described in trial 1 above as regards their feeds and 
feeding, and the treatment offered. All the animals were adapted to the feeding style for the 
first ten days and the remaining 25 days for treatment trial and sample collection. 
Each experimental period lasted for 32 days, for period 2 and 3 the first seven days were 
allowed for washout by offering feeds without any treatment while the remaining 25 days was 
for treatment adaptation and feed intake determination. The animals were moved into the 
metabolic cage for the last six days of the trial for sample collection (faeces and urine). 
6.2.4.2 Faecal and urine collection 
On day 26, all animals were moved to the metabolic cage with their faecal bags on, to ensure 
that faeces did not contaminate the urine. Faecal and urine samples were collected daily on 
days 30-32. Faeces were removed every morning, weighed and dried at 95 oC for 48 h. Total 
daily faecal output was weighed before and after drying, and approximately 10% of the daily 
dried faeces were sampled. The 3-day subsamples for each animal were pooled and kept for 
chemical analysis. Urine was collected daily for three consecutive days into acidified 
containers (100 ml of 2M HCl). All daily urine output for each animal was measured using a 
calibrated measuring jug, and the urine was then diluted with tap water to a constant weight of 
4kg; to achieve the same volume of diluted urine for all animals daily. The final pH of urine 
was checked and adjusted with HCl when necessary to ensure it is below pH 3 using a CRISON 
portable pH meter 507 (CRISON Instruments, Barcelona, Spain). The diluted urine was 
thoroughly mixed, filtered through glass wool, and 20 ml of filtered urine was subsampled 
daily into a well-labelled sample bottle. The three days subsamples were bulked for each animal 
and kept at -20 oC until analysed for its nitrogen.  






Figure 6.6. Experimental animals in the metabolic crates (Front view) 
 




6.2.4.3 Chemical analysis of feeds, faecal samples and urine 
All feed samples and dried faecal samples were milled to pass through 1 mm sieve and were 
analysed for their DM, OM, NDF, ADF and crude protein using the methods described earlier 
in this chapter. While urine and faecal nitrogen were analysed using LECO TruMac CNS 
analyser (LECO TruMac Series Macro Determinator, LECO Corporation, Michigan, USA). 
Faecal crude protein (CP) was then determined from the nitrogen content by a multiplication 
factor of 6.25. 
6.2.4.4 Apparent digestibility and nitrogen balance 
Apparent digestibility of each nutrient was calculated using the feed intake and faeces excreted, 
the amount of nutrient digested and absorbed was taken as the difference between the amounts 
of nutrient intake and that excreted in the faeces: 
𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦(%)
=
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑖𝑛𝑡𝑎𝑘𝑒 − 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑖𝑛 𝑓𝑎𝑒𝑐𝑒𝑠
𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑖𝑛𝑡𝑎𝑘𝑒
∗ 100 
Nitrogen metabolism: Nitrogen intake, faecal and urinary nitrogen were determined from feed 
intake, faeces and urine output and the % nitrogen obtained from nitrogen analysis. While 
nitrogen balance was estimated as the difference in nitrogen intake and nitrogen output (in 
faeces and urine).  
Metabolizable energy: Metabolizable energy (ME) of the feed intake was estimated based on 
AFRC (1993) from the result of digestible organic matter intake (DOMI) as ME(MJ/KgDM) 
= 0.0157 * DOMI. 
6.2.5 Statistical analysis 
Trial 1 
All statistical analyses were conducted using the general linear model (GLM) procedure of 
SAS 9.4 software (SAS Institute Inc., Cary, NC, USA). The procedure was used to determine 
the effect of the treatments (the four plant extracts, monensin and negative control) on total 
DMI, Nutrients intake, bodyweight gain, feed efficiency, rumen pH, CH4 and H2 gas 
concentration, and ammonia concentration were all evaluated. Statistical significance was set 
at P < 0.05. The differences between means were separated using the Tukey’s test.  




where,  Yij = observation, µ = overall mean, Ti    = treatments effect, βWj = covariate effect of 
initial body weight, βAk = covariate effect of age, Ɛijkl = residual error with mean 0 & variance 
σ2. 
Trial 2 
The GLM procedure of SAS was used to determine the effect of the treatment (four medicinal 
plant extracts and monensin) and period of measurement (block effect) on weight, nutrient 
intake, apparent digestibility and nitrogen metabolism. The differences in their means were 
separated with Tukey’s test 
Statistical model: Yijklm = µ + Ti + Pj + βWk+ βAl +Ɛijklm 
where,  Yijklm = observation, µ   = overall mean, Ti    = treatments effect, Pj= period effect (block), 
βWk = covariate effect of initial body weight, βAl = covariate effect of age, Ɛijklm = residual 
error with mean 0 & variance σ2. 
6.3 Results 
6.3.1 Chemical composition of experimental diet 
The average chemical composition of Themeda triandra hay and L+M mix used in this study 
are presented in Table 6.1. The NDF and crude protein contents were 79.5 and 4.87 %DM, 
respectively for hay, and 52.4 and 14.7 %DM, respectively for the L+M mix. 
Table 6.1. Chemical composition of Themeda triandra hay and the supplement (Lucerne hay 
+ maize mix) fed to SAMS. 
Chemical composition 
(g/Kg DM) 
Hay Lucerne hay 
+ Maize mix  
CP 48.7 147.1 
OM 927.9 922.2 
NDF 795.4 524.6 
ADF 426.8 212.2 
ADL 49.1 61.5 
HEM 368.6 312.4 
Ash 72.1 77.8 





6.3.2 Trial 1 
6.3.2.1 Feed and nutrient intake of experimental animals  
Experimental animals on C. japonica plant extracts had higher (p < 0.0001) hay DM intake 
(Table 6.2) compared to all other treatments except for animals on C. papaya and monensin. 
Animals offered P. americana plant extract had the least DM intake. The hay DM intake 
influenced all the other nutrient intakes since all animals were offered the same quantity of the 
supplementary diet (L+M mix). Hence, all other nutrient intakes (CP, NDF, ADF, ADL, OM) 
follow the same trend of significance as the hay DM intake. Total DMI% BW was also 
statistically significant (p < 0.0001), with animals offered C. papaya leaf extract having the 
highest value (3.05), which is highly significant from all other treatments except C. 
illinoinensis. 
Table 6.2. Feed intake of SAMS fed plant extracts and monensin as additives  
DM- dry matter, OM- organic matter, TDM (%BW)- total dry matter percentage of body weight, CP- crude protein, NDF- 
neutral detergent fibre, ADF- acid detergent fibre, ADL- acid detergent lignin. Means across the row with the same superscripts 
are not significantly different (P ≤0.05). *- P < 0.05, **- P < 0.01, *** - P < 0.0001, NS- P >0.05. 
6.3.2.2 Growth performance, body weight gain and feed efficiency 
Table 6.3 shows the growth performance of the experimental animals. The initial body weight 
of animals in different treatments was similar (p > 0.05). Final bodyweight of the animals was 
influenced significantly by the treatments (p <0.05), all treatment receiving plant extracts 




Treatments RMSE P-value 
 Cj Cp Pa Ci MON Control   
Hay DM  645a 618ab 555c 573bc 603abc 572bc 98.56 *** 
Total DM  1114a 1087ab 1024c 1041bc 1072abc 1041bc 98.56 *** 
OM   1094a 1068ab 1006c 1023bc 1053abc 1022bc 96.69 *** 
TDM (%BW) 3.00ab 3.05a 2.82bc 2.79bc 2.81bc 2.66c 0.43 *** 
CP  106.7a 105.3ab 102.1c 103.0bc 104.6abc 103.0bc 5.06 *** 
NDF  804.8a 782.1ab 729.5c 744.1bc 769.8abc 743.4bc 82.89 *** 
ADF  397.2a 385.0ab 356.8c 364.6bc 378.5abc 364.3bc 44.46 *** 




control group. Similarly, total weight gain, and ADG were similar across the treatments. All 
plant extracts had higher total weight gain and ADG when compared to control, with C. 
illinoinensis and C. japonica having the highest for both parameters. Treatments offered plant 
extracts were all superior to the groups receiving monensin and control for their feed efficiency; 
they improve feed efficiency by up to 40% to above 60% in C. illinoinensis group that had the 
highest feed efficiency (0.09).  
Figure 6.8 and 6.9 shows the trend of weekly bodyweight and weekly weight changes of all the 
treatments. Figure 6.8 shows that there is no significant difference in the bodyweight of the 
animal in all the treatment groups across the weeks, while Figure 6.9 shows that there is a 
significant difference among treatment in weight gain of animals across the weeks and this 
difference was only observed at week 8. 
Table 6.3. Effect of plant extracts and monensin on body weight 
Parameters  Treatments RMSE Treatment 
effect (p) 
 Cj  Cp  Pa  Ci  MON Control    
Initial BW 
(Kg) 
39.83 38.5 37.83 38.00 39.75 39.75 2.11 NS 
Final BW 
(Kg) 
46.00a 44.41ab 42.75b 44.16ab 43.16ab 43.41ab 1.71 * 
Total WG 
(Kg) 
6.17 5.92 4.92 6.17 3.42 3.67 1.71 NS 
ADG (g) 88.10 84.52 70.24 88.10 48.81 52.38 24.47 NS 
FE 0.086ab 0.083ab 0.075ab 0.090a 0.047b 0.052ab 0.023 * 
BW- body weight, WG- weight gain, ADG- average daily weight gain, FE- feed efficiency. Means across the row with the 
same superscripts are not significantly different (P ≤0.05). *- P < 0.05, **- P < 0.01, *** - P < 0.0001, NS- P >0.05. 
6.3.2.3 Fermentation parameters 
Ruminal fermentation characteristics as affected by plant extracts and monensin feed additive 
to South Africa merino sheep are presented in Table 6.4. Feeding of plant extracts and 
monensin as an additive to the sheep did not affect the ruminal pH and NH3-N (p > 0.05). With 
the pH range of 6.83 (P. americana) to 6.54 (control), whilst the control group has the highest 




Methane gas concentration in the rumen headspace was reduced (p <0.05) for sheep on 
monensin and C. illinoinensis treatment group compared to C. japonica treatment. Having 
similar methane headspace concentration, monensin and C. illinoinensis plant extract were able 
to reduce the methane gas concentration in the rumen 29 and 27 %, respectively relative to 
control. However, dissolved methane gas concentrations in the ruminal fluid were lower for 
monensin, and all the plant extract treatments except C. japonica, and this was highly 
significant (p< 0.0001). Sheep on C. illinoinensis plant extract has the lowest dissolved 
methane gas (3.10 mg/dm3) concentration in their ruminal fluid. The means of hydrogen gas 
concentration in the rumen headspace for all the treatment groups were not significantly 
different (p>0.05). C. japonica plant extract group with the highest methane gas concentration 
in the rumen headspace also had the highest hydrogen gas concentration while monensin group 
had the lowest hydrogen gas in their rumen headspace.   
Table 6.4. Ruminal fluid characteristics and rumen headspace methane and hydrogen gas 
concentration of SAMS fed plant extracts and monensin as additives  
Parameters   Treatments RMSE Treatment 
effect (p) 
 Cj Cp Pa  Ci  MON Control   
pH 6.72 6.58 6.83 6.73 6.56 6.54 0.23 NS 
NH3-N (mg/dL) 5.92 4.98 5.08 5.60 5.52 6.56 1.03 NS 
HS-CH4 
(mg/dm3) 
189a 160ab 154ab 108b 105b 149ab 40.02 * 
HS- H2 (mg/m3) 408 380 388 403 311 402 119.14 NS 
D-CH4 
(mg/dm3) 
14.17a 6.76b 7.75b 3.10c 6.78b 14.80a 1.61 *** 
HS-CH4- rumen headspace methane gas, HS-H2- rumen headspace hydrogen gas, D-CH4- dissolved methane gas. Means 
across the row with the same superscripts are not significantly different (P ≤0.05). *- P < 0.05, **- P < 0.01, *** - P < 0.0001, 






The vertical bar indicates standard error of means. Treatments 1, 2, 3, 4, 5 and 6 denote, C. japonica, C. papaya, P. americana, 
C. illinoinensis, monensin and control, respectively. WBW- weekly bodyweight in Kilograms. 
Figure 6.8. Means of weekly bodyweight of the experimental animals. 
 
6.3.3 Trial 2 
6.3.3.1 Intake, Bodyweight, Apparent digestibility, and Nitrogen metabolism of SAMS 
offered plant extracts as additives 
Table 6.5 presents the result of the digestibility trial using South African merino sheep. Dry 
matter intake (hay DMI and total DMI), NDF and CP differs significantly (p< 0.0001) in the 
same trend, C. illinoinensis plant extract group has the highest nutrient intake and the least 
recorded for C. papaya plant extract. C. illinoinensis was superior in their metabolizable energy 
intake although this is not significant (p > 0.05) to other treatments. 
The final body weight of animals was influenced by the treatments (p< 0.0001) with C. 
illinoinensis having the highest weight while C. papaya had the least which does not differ 
from control. Average daily weight gain of C. papaya was significantly (p<0.0001) different 
from all other treatments. Although, higher values were recorded for the animals on control 




papaya plant extract had a slightly higher apparent digestibility value than all the other 
treatments. C. papaya plant extract was able to improve the NDF apparent digestibility by up 
to 5.84% relative to control. 
The result of nitrogen metabolism shows that C. illinoinensis group has the highest nitrogen 
intake, which differs (p< 0.0001) with other groups except C. japonica. Nitrogen utilization by 
animal in all treatments was not significant (p> 0.05).  Faecal and urinary nitrogen were higher 
for sheep fed C. japonica plant extracts (7.08 and 1.16 g, respectively), while sheep offered C. 




The vertical bar indicates standard error of means. Treatments 1, 2, 3, 4, 5 and 6 denote, C. japonica, C. papaya, P. americana, 
C. illinoinensis, monensin and control, respectively. WkBWG- weekly weight gain in grams.  








Table 6.5.  Bodyweight, intake, apparent digestibility, and nitrogen metabolism of lambs fed 
plant extracts and monensin as additives.  
Parameters  Treatments RMSE p-value 
 Cj Cp Pa Ci MON Control  Trt Period  
Bodyweight (Kg)          
Initial BW  35.92 35.50 34.00 39.33 33.17 35.92 11.22 NS NS 
Final BW  37.83b 35.08c 35.75c 41.58a 35.50c 38.58b 0.79 *** *** 
ADG (g) 91.27a -19.84b 83.33a 107.14a 111.11a 126.98a 37.64 *** *** 
Feed 
intake(Kg/day) 
         
Hay DM  0.62ab 0.43d 0.55c 0.68a 0.49cd 0.55bc 0.035 *** *** 
Total DM 1.09ab 0.90d 1.02c 1.14a 0.96cd 1.02bc 0.034 *** *** 
NDF 0.78ab 0.63d 0.72c 0.83a 0.68cd 0.73bc 0.028 *** *** 
CP 0.105a 0.96c 0.102b 0.108a 0.99bc 0.102b 0.002 *** *** 
ME (MJ/KgDM) 10.77 9.66 10.24 11.75 9.96 10.50 1.08 NS *** 
Apparent 
digestibility (%) 
         
DM 61.50 66.77 61.30 63.35 64.62 63.40 6.37 NS *** 
OM 65.10 70.16 64.76 66.82 67.35 66.48 5.84 NS * 
CP 58.24 65.68 63.48 63.92 65.09 64.60 7.15 NS NS 
NDF 64.62 70.00 63.65 66.73 66.55 66.14 6.40 NS ** 
ADF 55.00 59.22 52.33 57.68 58.07 57.73 8.54 NS ** 
HEM 73.95 79.82 74.37 75.55 74.48 74.06 4.89 NS ** 
N metabolism (g 
/day) 
         
N intake 16.85ab 15.32d 16.29c 17.33a 15.81cd 16.33bc 0.28 *** *** 
Faecal N 7.08 5.32 5.93 6.26 5.52 5.83 1.15 NS NS 
Urinary N 1.16 1.08 0.93 1.02 0.88 1.14 0.51 NS NS 
N retention 8.61 8.93 9.43 10.05 9.40 9.36 1.42 NS NS 
N ratio 0.52 0.59 0.58 0.58 0.60 0.58 0.08 NS NS 
BW- body weight, ADG- average daily weight gain, DM- dry matter, OM- organic matter, CP- crude protein, NDF- neutral 
detergent fibre, ADF- acid detergent fibre, HEM- hemicellulose, N- nitrogen, ME- metabolizable energy, Trt- treatments. 
Means across the row with the same superscripts are not significantly different (P ≤0.05). *- P < 0.05, **- P < 0.01, *** - P < 





All the plant extracts used in this study were selected from some of the most promising plant 
extracts based on the results from the previous studies, especially the in vitro fermentation 
study. The major classes of phytochemicals that are currently in use in ruminant animal 
nutrition are saponins, tannins, flavonoids, essential oils and organosulphurs (Hart et al., 2008; 
Bodas et al., 2012; Oskoueian et al., 2013). All the plant extracts used in this study had a 
considerable quantity of saponins, tannins, flavonoids, crude oil and also alkaloids (chapter 4). 
These results showed that feeding plant extracts as feed additives to the sheep did not cause 
any significant reduction in feed intake, apparent nutrient digestibility, nitrogen utilization and 
body weight gain. This is an indication that all these plant extracts are not detrimental to the 
animals at the level given and does not disrupt normal rumen microbial fermentation. This 
observation agrees with the findings of Patra et al. (2006), Kim et al. (2012), Akanmu and 
Hassan (2018) and Akanmu et al. (2020) who all concluded that all the plant extracts used in 
their studies have the prospect of use as ruminants feed additives without adversely affecting 
rumen microbial activity and animal performance (Akanmu, 2018). Yuliana et al. (2014) 
reported that the adding tannin and saponin extracts from plant sources at different levels either 
singly or in combination did not have any significant detrimental effect on DM or OM 
digestibility, and microbial populations. It has also been indicated earlier that plant extracts 
rich in phytochemicals do not affect digestibility (Hess et al., 2003) but causes a substantial 
reduction in methane production (Santoso et al., 2004). Improved feed intake observed in this 
study by animals on some of these plant extracts might be an indication of increased passage 
rate of feed in the rumen to the lower tracts as a result of the laxative effect of some compound 
in the plant extracts such as caffeine in C. japonica and carpaine and papain in C. papaya, 
which serves as a digestive agent (Chevalier, 1996).  
Monensin sodium has been reported for its ability to improve rumen fermentation and feed 
efficiency (Callaway et al., 2003). The diet used in this study may be a limiting factor for 
monensin to improve feed efficiency and animal performance. Oh et al. (2017) reported that 
methane was only reduced by the addition of monensin in a diet of forage to concentrate ratio 
1:9 while the effect was not significant in other diets with higher forage levels, which resonated 
with the findings of Wallace et al. (1980). Baran & Zitnan (2002) also reported that the effect 
of monensin on fermentation efficiency was highest when hay to concentrate ratio in sheep diet 




It has been noted that the maximum daily DMI of sheep on poor to average quality hay is 
between 2-3% bodyweight (DPIRD, 2020), and the result of this study shows that all treatment 
groups total DMI % BW range from 2.67- 3.05%. A considerably low weight gain observed 
can be attributed to the quality of the forage/feed offered, which is high in structural 
carbohydrates that are characterized by low digestibility. Feeding low digestible feed tends to 
make the animals reach their daily DMI limit quickly before reaching the required 
metabolizable energy, and this may lead to low weight gain or even weight loss if their energy 
requirement is not met. However, all treatment groups offered plant extract as additive 
improves feed efficiency relative to control, and a positive effect of plant extract on feed 
efficiency have been reported on broiler chicken (Su et al., 2016). Akanmu (2018) also reported 
that some of the methanolic plant extracts offered to lambs as an additive in their study improve 
feed efficiency. 
Feeding of plant extracts rich in phytochemicals does not cause any significant differences in 
ammonia nitrogen concentration, although all plant extracts used in this study slightly decrease 
rumen ammonia concentration. The decreased rumen ammonia agrees with an in vivo and in 
vitro studies of Akanmu (2018) and Akanmu and Hassen (2018), respectively, who reported 
that plant extract reduces rumen ammonia concentration. While Yuliana et al. (2014) also 
recorded a reduction in ammonia concentration by all plant extract, although the reduction was 
not statistically different from the control. The inclusion of purified phytochemical such as 
phytosterols was reported to cause a significant decrease in ammonia nitrogen concentration in 
the rumen in vitro (Xi et al., 2014). In another study, the inclusion of various flavonoids did 
not affect rumen ammonia concentration (Oskoueian et al., 2013). 
The reduction in ruminal ammonia nitrogen caused by feeding of all the plant extracts indicates 
that all the plant extracts used in this study have the potential to suppress the activity of 
ammonia producing bacteria such as Bacteroides ruminicola, in the rumen that are involved in 
the deamination of amino acids (Hart et al., 2008; Weimer, 2015). Furthermore, it might be 
that plant extracts enhanced the incorporation of ammonia, amino acids or peptides into 
microbial cells to generate amino acid protein for the animals (Makkar et al., 1998; Wang et 
al., 2016). This can prevent excessive ammonia production in the rumen, which is a product of 
inefficient use of nitrogen in feed by the ruminants (Weimer, 2015). It is important to note that 
many rumen bacteria require ammonia as a nitrogen source for their normal growth (Yokoyama 




excretion acts as an air pollutant and a substrate for nitrate and nitrous oxide production, which 
itself is a potent greenhouse gas” (Weimer, 2015).  
Murray et al. (1976) and Lassey et al. (1997) reported that approximately 95% and 85-90% of 
the enteric methanogenesis occurs in the rumen respectively, while the remaining is produced 
in the large intestine. So, determining the concentration of methane gas produced (headspace 
and dissolved) directly from the rumen is expected to give a considerably accurate 
measurement of the methane gas that will eventually be released, since almost all the gas 
produced in the rumen are released into the atmosphere. Teye et al. (2009) has reported the use 
of portable gas analyzer based on the principle of infrared measurements (Fourier transformed 
infrared) for the determination of gas emission from ruminants, and the use of portable gas 
analyzer for the measurement of CH4 and CO2 was also highlighted by Storm et al. (2012) in 
their review. The range of the ruminal dissolved CH4 gas observed in this study was between 
0.193 mM - 0.923 mM (control). Wang et al. (2016) reported a similar range in their study for 
the dissolved methane gas concentration of 0.932mM and 0.68mM from sheep fed oat grass 
diet and barley straw diet respectively, which are close to the amount recorded in here for the 
control group. Added plant extracts and monensin were responsible for the reduced dissolved 
CH4 gas in dietary treatments (0.193, 0.421, 0.423, 0.480, 0.88mM, for Ci, Cp, MON, Pa, and 
Cj, respectively). Higher H2 gas concentration is a sign of increased rate of digestion of feed in 
the rumen (Jansen, 2010), C. japonica plant extract group has a slightly higher rumen 
headspace H2 gas concentration, this may explain their higher total DM intake, but this did not 
have any influence on feed digestibility. One of the effects of monensin on rumen metabolism 
is the inhibition of hydrogen producing bacteria, which will reduce the hydrogen available for 
the formation of methane (Russell, 2002). In this study, monensin group had the least hydrogen 
gas concentration in their rumen headspace, which was reflected in the methane gas 
concentration observed. 
In this study, the only plant extract that mitigate methane concentration in the rumen relative 
to control (C. illinoinensis) causes a reduction of 27%, which is comparable to the monensin 
group (positive control) of 29%. This reduction does not have any adverse effect on the animal 
performance and their rumen function. Martinez-Fernandez et al. (2016) reported earlier that a 
decrease in methane up to 30% had no negative effect on proper rumen metabolism.   
Excessive accumulation of hydrogen due to the alteration of rumen fermentation will impair 




rumen pH. Rumen pH is a crucial factor that can affect the performance of the rumen microbial 
ecology, and most rumen microbes are sensitive to low pH. Suppression of growth and activity 
of cellulolytic bacteria and cellulolysis when the rumen pH is low (especially when it is below 
6.0) has been reported (Ryle and Orskov, 1990). Low rumen pH (below 6.0) can lead to 
decreased fibre/feed digestion. In this study the value recorded for all the treatment groups are 
within the optimal range for high fibre digestion (6.0 – 7.0) (Sung, 2007).  
The lower average bodyweight gain recorded for the animals fed C. papaya plant extract in 
trial 2 can be attributed to an event that occurred during the trial; in period 2, animals on this 
treatment were observed to go off feeding (or eating very little) for a few days of feeding the C. 
papaya plant extract to them in full dose. These animals were closely observed, and they were 
suspected to be experiencing forestomach hypomobility/vagal indigestion syndrome (rumen 
function problem) and diarrhoea. Ruminal fluid transfer procedure was done to rescue the 
affected animals, which helps to restore the animal’s pH to normal (Constable et al., 2016). 
Ruminal organisms react to perturbation like every other organism and their response depend 
on extent, frequency, rate, and duration, as all these factors play a role in the kind reaction that 
will be generated by the microbes, which eventually affect fermentation efficiency (Weimer, 
2015). Rumen manipulator is a form of perturbation, which exert response by rumen microbes, 
which is the effect of such manipulator (chemical or natural).  
 6.5 Conclusion  
It can be concluded that all plant extracts investigated are promising. C. illinoinensis plant 
extract is the most promising for mitigating methane emission from ruminants; it is also 
superior to monensin in feed efficiency. It can be used as an alternative to antibiotic ionophore 
(monensin) in ruminant feed without adversely affecting animals’ performance. C. papaya leaf 
extract also improves apparent digestibility and reduces dissolved methane gas concentration 
in the rumen fluid. No adverse effect was observed; hence a higher dosage of the plant extracts 


















General discussion, conclusions, and recommendations 
 
7.1 General discussion 
Developing alternative to antibiotics for animal production has been a topic of interest for the 
past few decades when the issue of antibiotics resistance become more rampant, and concerns 
raised that their use may be contributing to communicable resistance that may compromise the 
treatment effect of antibiotics in man (Casewell et al., 2003). The use of subtherapeutic 
antibiotics of any form in livestock production, especially as growth promotant, has been 
contributing to this menace (Russell and Houlihan, 2003). Antibiotics ionophores such as 
monensin is the most common antibiotics found in ruminant feed, and it has recorded much 
success in improving feed efficiency by manipulating rumen microbes (Callaway et al., 2003), 
and reducing methane emission (Neto et al., 2009). Because of its successes, it tops the feed 
additive list, which is no longer permitted in the European Union nations (EC, 2005). This 
prohibition led to two things; (i) increased awareness of consumers to the production ethics of 
livestock animal production and (ii) raises the interest of animal scientist in the area of research 
to find alternative to all forms of antibiotics use in animal production (Greathead, 2003; Seal 
et al., 2013). One of the main reasons for using nontherapeutic antibiotics in ruminant 
production is to improve the efficiency of rumen metabolism, which is essential because of its 
profound effect on ruminant production and impact of an inefficient rumen metabolism on the 
animals, and the environment.  
Ruminants are major dietary protein producers, and their importance is in their ability to utilize 
low-quality feedstuffs compared to other livestock, which lies with their classical symbiotic 
relationship between the host and the rumen microbes (Nagaraja, 2016). The rumen ecosystem 
is a consortium of microbial population comprising of the Eubacteria, Archaea, and Eukarya, 
that work together for a common goal of fermentation of structural carbohydrate consumed by 
ruminants which cannot be utilized by the simple stomach of other classes of mammals 
(Yokoyama and Johnson, 1993). The main type of Archaea found in the rumen is the 
methanogens, which utilizes molecular hydrogen produced during bacterial and eukaryotic 
carbohydrate fermentation to reduce CO2 and produce methane gas in the rumen.  
Methanogenesis (production of methane) plays a vital role in overall rumen metabolism by 




Methane gas is one of the potent GHGs emission second CO2 in the atmosphere but with higher 
global warming potential (IPCC, 2014). Methane gas emission is now of global interest due to 
their effect on climatic change (contributing to global warming). Methane production in 
ruminant is a natural phenomenon which cannot be eliminated but can only be mitigated by 
improving rumen metabolism, and it has been reported to amount into 2-12% of gross energy 
loss (Johnson and Johnson, 1995). Variation exists in the amount of methane gas produced, 
and many factors have been observed; among which are between animal variation, rumen 
microbial composition, and ultimately the nutritional quality of the feed offered to the animals.  
Several strategies have been employed to enhance the efficiency of rumen microbial 
fermentation. The most successful strategy after dietary manipulation is antibiotic ionophores 
(monensin), due to its ban in the EU and the skepticism of its use around the world. The call 
for alternative to this antibiotic for rumen manipulation towards improved productivity led to 
the exploration of natural agents, and the most touted is plant extracts and their derivatives 
(Greathead, 2003; Seal et al., 2013). 
This study’s broad objective is to evaluate and identify medicinal plant extracts that can 
manipulate rumen fermentation and improve animal productivity while mitigating methane 
emission, serving as a natural alternative to antibiotic ionophore use in ruminant production. 
To achieve this aim,  22 plant species that have been documented for their medicinal values 
traditionally were selected, identified, collected, extracted with 80% ethanol and all the plant 
extracts were evaluated for their; (i) antibacterial activity against gram-positive and gram-
negative bacterial, (ii) phytochemical constituents quantitatively, (iii) cytotoxicity on 
mammalian living cells, (iv) their effects on feed degradation, microbial protein synthesis, and 
total gas production in vitro (v) effect on feed intake, weight gain, ruminal NH3N concentration, 
and methane and hydrogen gas concentration in the rumen of South Africa merino sheep and 
(vi) effect on nutrient apparent digestibility and nitrogen metabolism of South Africa merino 
sheep. 
Ethanolic plant extracts of 22 plant material were screened for their antibacterial activity 
against panels of bacterial strains from both gram positive (S. faecalis and S. aureus) and gram 
negative (S. typhimurium and E. coli) groups. All the plant extracts displayed antibacterial 
activity against at least one of the bacterial tested. The findings of this study showed that 
antibacterial activity is plant species and bacterial strains dependent and this agrees with the 
findings of Obeidat et al. (2012) and Chukwujekwu and Van staden (2016). Based on the MIC 




leaves and pods (most effective), P. guajava, C. illinoinensis, V. amygdalina, A. ferox, A. cepa, 
and C. japonica. Plant material actual activity was determined against each bacteria strain, C. 
illinoinensis nutshell has the highest activity against S. aureus, A. sieberiana leaves and A. cepa 
bulb has the highest activity against S. faecalis, and S. typhimurium, respectively. While A. 
nilotica leaves and pods were the only plant material that inhibits E. coli, the pod extract had 
higher activity. These findings agreed with other reports (Shekar et al., 2015; Sserunkuma et 
al., 2017). 
All the 22 plant extracts were evaluated for their Phytochemical constituent quantitatively, 
using the standard procedure to determine their: alkaloids, flavonoids, tannins (condensed), 
saponins, steroids, and crude fat concentration. All the plant extracts had appreciable 
concentrations of all the phytochemicals determined except for proanthocyanidin (condensed 
tannins) fraction of tannins, which has been reported earlier for its high variation in abundance 
in plant species and concentration (Haslam, 1989). Tannins, saponins, alkaloids, flavonoids 
and fat have all been reported to improve rumen metabolism and reduce methane production 
(Patra and Saxena, 2010; Oskoueian et al., 2013; Nur Atikah et al., 2018), while steroids have 
therapeutic uses and serve as growth promotant in animal (Patel and Savjani, 2015). 
Colorimetric cytotoxicity assay was conducted to determine the safety of values of all the 22 
selected plant extracts on mammalian cells. A. cepa and T. violacea were the safest of all the 
plant extracts with higher LC50 values. All other plants extracts were above the recommended 
cut-off point for cytotoxic crude extracts, except C. japonica leaf and A. nilotica pod extract, 
similar to the findings of Kuete et al. (2013) and Sserunkuma et al. (2017). Furthermore, the 
plant extracts’ selectivity index was determined against the bacteria strains used in chapter 3. 
Most of the plants extracts have low selectivity index against all the bacteria strains, the best 
selectivity index value obtained was with A. cepa against S. typhimurium and A. ferox against 
S. aureus.  
Correlation of all the phytochemicals determined with LC50 value obtained from cytotoxicity 
study was negative and not significant except for flavonoids. The multiple regression outcome 
shows that only 18.04% of the variance in the LC50 data could be explained by flavonoid 
concentration. It has been reported that some flavonoids are cytotoxic to cultured human cells 
(Matsuo et al., 2005). The negative correlation implies that an increase in concentration will 




The other aspect of this study examined effects of the plants extracts with known bioactivity 
on their efficacy to improve rumen digestibility of poor forages and improve overall 
performance animal and their rumen metabolism in vitro and in vivo.  
Chapter 5 of this study evaluate the effects of all the 22 plant extracts as additives at the rate of 
50 mg/g of the substrate on feed degradability, microbial protein yield, partitioning factor, and 
total gas production of low-quality hay characterized by high fibre content, which is typical of 
most tropical forages in vitro and monensin was used as a positive control. All plant extracts 
improved the microbial protein yield, and it has been highlighted that high microbial protein 
yield in vitro could lead to more protein supply and uptake in the lower gut and reduce methane 
production from ruminants (Makkar, 2004). Most of the plant extracts (such as P. americana, 
M. nigra, Psidium guajava, C. japonica, A. comosus, C. papaya, C. illinoinensis, A. nilotica 
pod and leaves) were comparable in effect to monensin especially on gas production, microbial 
protein yield and true degradability.  Higher partitioning factor was observed with P. 
americana, M. nigra, C. illinoinensis, C. japonica, A sieberiana, A. comosus, and A. nilotica 
plant extracts, this agrees with the findings of Getachew et al. (2000).  
It is important to note that bacterial inhibiting activity of plant extracts was selective, as such 
not all species of rumen bacteria were inhibited by the plant extracts. Gram negative bacteria, 
which make-up about 80% of rumen bacterial population, were more resistance to plant 
extracts as displayed in chapter 3. An inhibition of some of these bacteria would create an 
enabling environment (reduce competition) for the resistant ones to multiply, thus explaining 
the high microbial yield of some extracts. The same mechanism may explain the increase in 
gas production observed in some treatments. 
Four out of the most promising plant extracts were strategically selected considering their 
phytochemical content and other bioactivities, coupled with their effects on microbial yield, 
true degradability and gas production in the in vitro study. These are: Carica papaya, Carya 
illinoinensis, Camellia japonica and Persia americana and these were evaluated in vivo.  
In chapter 6, two in vivo trials were conducted to examine the effects of four selected plant 
extracts as additives to low quality hay on feed intake, apparent digestibility, ruminal ammonia, 
methane and hydrogen gas concentration in the rumen and nitrogen metabolism of sheep. The 
inclusion of plant extract to sheep feed did not cause any reduction in feed intake, apparent 
digestibility, nitrogen metabolism and body weight gain, thus agreeing with other studies (Patra 




suppressed ammonia concentration although it does not differ from the control significantly. 
C. illinoinensis reduced methane gas concentration in the rumen headspace by 27% which is 
comparable to monensin that reduce it by 29 % relative to the control, whereas all plant extracts 
reduce dissolved methane gas in rumen fluid significantly except C. japonica. To the best of 
our knowledge C. illinoinensis nutshell extract has not been used in animal model as a feed 
additive. The only available report uses the pecan shell directly as a roughage source for 
ruminants (Ramirez et al., 1986). 
7.2 Conclusions and recommendations  
All the plant extracts evaluated have antibacterial effects against no less than one of the bacteria 
strains tested, confirming their listing in folkloric herbs. Extracts from A. nilotica leaves and 
pods, P. guajava, C. illinoinensis, V. amygdalina, A. ferox, A. cepa, and C. japonica, displayed 
broad-spectrum antibacterial activity.  These can be exploited as alternatives to the 
conventional antibiotics commonly used in livestock production for therapeutic feed additives 
and can also be included in feeds to replace antibiotics. 
Plant extracts studied have considerable quantities of the various phytochemical compounds 
that have been reported to have the prowess to improve rumen metabolism and mitigate 
methane production. 
All the plant extracts have values above the cut-off point of toxicity (not cytotoxic), except A. 
nilotica pod and C. japonica below the cut-off point and are classified cytotoxic. However, 
they all have low selectivity index; therefore, caution must be applied when administering even 
the least toxic plant extracts to animal models with close monitoring of their response. 
All plant extracts improve microbial protein yield; some increase true degradability and 
suppress gas production comparable to monensin. Extracts of P. americana, M. nigra, C. 
illinoinensis, C. japonica, A sieberiana, A. comosus, and A. nilotica leaves and pods, all 
improve the partitioning factor. 
C. illinoinensis, C. japonica, P. americana, and C. papaya plant extracts are all promising. 
However, C. illinoinensis plant extract is the most promising for mitigating methane emission, 
and it can be used as a replacement for antibiotic ionophore (monensin) in ruminant feed 
without adversely affecting animals’ performance. C. papaya leaf extract also improves 




adverse effect was observed; hence a higher dosage of these plant extracts is recommended for 
probable greater effect on methane mitigation, digestibility, and growth performance.  
Generally, it is recommended that further study is required to determine the methane emission 
of ruminants fed these plant extracts in a respiratory chamber to monitor the gas emission for 
a longer period in a non-invasive method.   
Further research could be conducted with the promising plant extracts in the following areas: 
 Investigate the effects of plant extracts that show broad spectrum antibacterial activity 
for their therapeutic effects on bacterial infection of farm animals. 
 For animal safety, cytotoxicity study with various dosage levels using animal model is 
required to determine the lethal dosage (LD50). 
 Extraction of all the promising plant species in water and examine their effectiveness, 
as this could remove the cost of solvent and make it easier to be adopted by local 
farmers. 
 Determine the effects of promising plant extracts on animal biochemical parameters, 
and their products. 
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